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FE DE ERRATAS
En la página 58 en la quinta columna de la Tabla 1 el encabezamiento 
correcto es May Mean Temperature en lugar de Mean Anual Temperature.
En la página 58 la sexta columna de la de la Tabla 1 el 
encabezamiento correcto es May Mean Precipitation en lugar de Mean Anual 
Precipitation
En la página 70 en la segunda columna de la Tabla 2 el pH en agua 
de la población la Valí d ’Alcala-2 es 8,1 en lugar de 9,1.
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Introducción
1. INTRODUCCIÓN
Desde el punto de vista metabólico, los compuestos químicos 
sintetizados por las plantas se clasifican como metabolitos primarios y 
secundarios. Las sustancias vegetales primarias son sustancias 
“fisiológicamente eficaces”, ya que tienen un papel esencial en el 
metabolismo básico de las plantas (fotosíntesis, respiración, diferenciación, 
etc), y se encuentran presentes en todas ellas. Los metabolitos secundarios, 
a diferencia de aminoácidos, nucleótidos, clorofilas, etc, no parecen 
desempeñar un papel directo en el desarrollo de la planta, y tienen una 
distribución más restringida pudiendo llegar a ser característicos de una 
única especie. Se les puede denominar sustancias “ecológicamente 
eficaces” ya que muchos de estos metabolitos secundarios tienen una 
función clave (protección frente a predadores y patógenos, atracción de 
animales polinizadores, etc) sin la cual la planta no completaría su ciclo vital 
(Harborne, 1999).
La biosíntesis de los metabolitos secundarios típicos de una especie 
vegetal está determinada, fundamentalmente, por factores intrínsecos a la 
propia planta entre los que cabe destacar el genotipo y el estado de 
desarrollo de la planta. Por otra parte, existen distintos factores externos de 
carácter biótico y abiótico que, particularmente en los ecosistemas naturales, 
juegan un papel muy importante en la producción de metabolitos 
secundarios por las plantas. Así, son muchas las especies vegetales que 
incrementan la biosíntesis de metabolitos tales como inhibidores de 
proteinasas, terpenoides o isoflavonoides en respuesta al ataque de
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herbívoros, hongos, bacterias o virus. Además, factores abióticos como la 
luz y condiciones climáticas, el agua, la concentración de CO 2 y la 
disponibilidad de nutrientes minerales en el suelo determinan el estado 
nutricional de las plantas y la producción vegetal primaria que, a su vez, 
influye en la actividad del metabolismo secundario.
Los estudios sobre los productos naturales no se reducen a intentar 
conocer cuál es la función ecológica de estos compuestos en la planta sino 
que, posiblemente, la mayoría de ellos están basados en el interés del 
metabolismo secundario vegetal como fuente de productos de gran valor 
industrial. Numerosos compuestos vegetales tales como alcaloides, 
antocianos, flavonoides, terpenoides y esteroides tienen aplicación comercial 
como insecticidas, colorantes, fragancias, medicamentos, etc (Verpoorte y 
col., 2002). Estos productos químicos son extraídos y purificados de 
diferentes órganos de las plantas.
Los glucósidos cardiotónicos son productos naturales, aislados 
principalmente a partir de hojas de diferentes especies del género Digitalis, 
que tienen un gran interés farmacológico. Por ello, son muy numerosos los 
trabajos realizados por diferentes grupos de investigación entre cuyos 
objetivos ha estado la mejora del rendimiento y de la calidad de los 
cardenólidos (Hagimori y col., 1983; Lucknery Diettrich, 1988; Rücker, 1988; 
Pérez-Bermúdez y col., 1990; Berglund y Ohlsson, 1992; Morales y col., 
1993; Gavidia y col., 1996; Braga y col., 1997; Cacho y col., 1999; Gavidia y 
col., 2002).
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Aunque han sido muy diversas las estrategias empleadas, y muchos 
los factores estudiados por su posible implicación en la biosíntesis de dichos 
compuestos, son muy escasas las investigaciones realizadas sobre la 
productividad de plantas del género Digitalis en condiciones naturales. Entre 
los resultados de estos trabajos cabe destacar la influencia que diferentes 
elementos minerales (Grinkevich y Sorokina, 1983; Letchamo, 1986), la 
intensidad luminosa (Brugidou y col., 1988) y el genotipo (Gavidia y col., 
1996) ejercen sobre la acumulación de cardenólidos.
Hasta la fecha, sin embargo, no se ha realizado ningún estudio en 
condiciones de campo en el que se investigue como afecta a la producción 
de cardenólidos la estacionalidad, el estado nutricional de la planta y las 
características edáficas. Consideramos que estos datos son de gran interés 
para conocer cómo influyen los factores ambientales en la biosíntesis de 
cardenólidos y mejorar la producción de estos metabolitos secundarios en 
especies de Digitalis.
De acuerdo con lo expuesto anteriormente, el objetivo global de la 
presente Tesis Doctoral es evaluar la influencia de determinados factores 
ambientales, relacionados con la estacionalidad y las características del 
suelo, sobre el contenido en nutrientes y la producción de cardenólidos en 
poblaciones naturales de Digitalis obscura. Los objetivos concretos se han 
centrado en los siguientes aspectos:
1. Determinar las principales propiedades físico-químicas y el 
contenido en nutrientes de los suelos en los que se desarrollan 
las poblaciones de D. obscura distribuidas en localidades
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situadas en los pisos bioclimáticos Termo-, Meso- y 
Supramediterráneo.
2. Evaluar el contenido en nutrientes y cardenólidos en las hojas 
de esta especie, y la biomasa de las plantas en cada área de 
muestreo.
3. Establecer las posibles relaciones entre las características del 
suelo, el contenido en nutrientes de la planta, la biomasa y la 
acumulación de cardenólidos.
4. Analizar las variaciones temporales en el contenido de 
elementos minerales en la planta así como la relación entre los 
nutrientes.
5. Estudiar la fluctuación estacional y poblacional en la 
acumulación de cardenólidos, así como la expresión del gen 
Dop5pr que codifica el enzima progesterona 5p-reductasa.
4
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1.1. CARACTERÍSTICAS DEL SUELO Y NUTRICIÓN MINERAL
Es bien conocido que los nutrientes minerales junto a la luz, el agua y 
el dióxido de carbono son los factores de crecimiento más importantes para 
las plantas. En general, los nutrientes minerales presentes en los distintos 
órganos de la planta se mantienen dentro de un rango de valores máximos y 
mínimos. Una deficiencia nutricional limita el crecimiento y un exceso puede 
provocar una toxicidad nutricional. Dentro de estos rangos, las variaciones 
interespecíficas e intraespecíficas encontradas están determinadas por el 
genotipo y estado de desarrollo de la planta u órgano estudiado (Vemmos, 
1999; Fernández-Escobar y col., 1999), y también pueden reflejar la 
influencia de diferentes factores ambientales, tales como las condiciones 
climáticas y las características del suelo (Niinemets y Kull, 2003; Peñuelas y 
col., 2004), o ser resultado de la interacción de la planta con micorrizas y 
bacterias edáficas (Neuman y George, 2004).
Los factores formadores del suelo como la roca madre, el clima y los 
organismos vivos tienen gran influencia sobre la fertilidad del mismo. La roca 
madre influye sobre la composición, la textura, la estructura, la reacción del 
suelo, etc. El clima tiene una acción directa sobre la humedad y temperatura 
del suelo. Así, las precipitaciones condicionan la alteración química de los 
minerales y la translocación de sustancias con la consecuente movilidad de 
los nutrientes en el suelo. Los organismos vivos intervienen, entre otros 
procesos, en la meteorización y en el aporte de materia orgánica al suelo y 
su biodegradación.
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Como es sabido, los constituyentes y las propiedades físicas, 
químicas y biológicas del suelo tienen gran influencia en la absorción de  
nutrientes por las plantas.
Así, las principales características físicas que influyen en la fertilidad 
del suelo son el espesor y la textura, que a su vez está relacionada con la 
estructura, la porosidad y la consistencia. El espesor condiciona el espacio 
para las raíces y la capacidad de almacenamiento de agua y nutrientes. La 
textura condiciona el movimiento del agua y la adecuada circulación del aire.
En el caso de los parámetros químicos podemos destacar el pH, los 
carbonatos, la capacidad de intercambio catiónico y el contenido en 
nutrientes del suelo. Las características biológicas estarían representadas 
por el contenido de materia orgánica, y la presencia de microorganismos 
tales como micorrizas y bacterias fijadoras de N del suelo.
De los parámetros químicos anteriormente mencionados, es conocido 
el efecto del pH sobre la disponibilidad de los elementos que se encuentran 
en el suelo y su influencia en la nutrición mineral de las plantas. En este 
sentido, en estudios realizados en ecosistemas naturales se han encontrado 
correlaciones significativas entre el pH del suelo y el contenido en diferentes 
elementos minerales de la planta tanto en especies herbáceas (Thompson y 
col., 1997) como arbóreas y arbustivas (Fernández y Struchtemeyer, 1984; 
Meerts, 1997). Otros parámetros tales como el contenido en carbonatos 
(Saatgi y Ya Mur, 2000) y la capacidad de intercambio catiónico (Fernández 
y Struchtemeyer, 1984) también han sido correlacionados con la 
concentración foliar de nutrientes en distintas especies vegetales.
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Junto a estas propiedades químicas, el contenido en elementos 
minerales que presenta un suelo influye en gran medida en la concentración 
de éstos en las plantas (Thompson y col., 1997; Trabaud, 2001). Estudios 
realizados en poblaciones vegetales de ecosistemas naturales demuestran 
la existencia de correlaciones significativas positivas entre los contenidos en 
suelo y planta de diferentes elementos minerales (Barona y Romero, 1997; 
W ang y Klinka, 1997; Emst y col., 2000).
El análisis de los nutrientes de un suelo indica la disponibilidad 
potencial de nutrientes que las raíces pueden absorber bajo condiciones 
favorables. Estos resultados analíticos describen, además, una situación 
estática o puntual del suelo, mientras que el suministro desde éste hacia la 
planta es un proceso dinámico. Así, por ejemplo, las interacciones entre 
determinados microorganismos y las plantas permiten la absorción de 
nutrientes que se encuentran en forma no asimilable por el sistema radicular 
(Marschner, 1995). Finalmente, hay que tener en cuenta que los resultados 
obtenidos pueden variar dependiendo del elemento y tipo de suelo 
analizado, así como del método de extracción empleado para determinar los 
nutrientes disponibles para las plantas (Benton, 1998). Todo ello puede 
explicar, especialmente en estudios de poblaciones naturales, la ausencia de 
correlaciones entre los contenidos de un determinado elemento en el suelo y 
la planta.
Las posibles interacciones entre los nutrientes de las plantas también 
han sido objeto de estudio en ecosistemas naturales. Cuando una especie 
vegetal es muestreada en distintas zonas geográficas se observa que las 
relaciones entre nutrientes son, generalmente, poco afectadas por la
7
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variación geográfica. Este fenómeno es debido a que la vegetación natural 
absorbe y acumula nutrientes selectivamente, manteniendo un balance de 
concentraciones intracelulares adecuado para optimizar el metabolismo 
(Garten, 1976). Sin embargo, existen estudios en los que se ha observado 
que los cocientes o el grado de asociación entre pares de macronutrientes 
presentan cierta variación a nivel taxonómico (Thompson y col., 1997; 
Broadley y col., 2003), o en función de los distintos hábitats donde se 
desarrollan las especies vegetales (Thompson y col., 1997; Trabaud, 2001; 
Peñuelas y col., 2004). En este sentido, el valor del cociente N/P es uno de 
los parámetros más utilizados para evaluar la limitación de N o P en un 
ecosistema determinado (Güsewell, 2004).
Los estudios sobre las posibles interacciones y el grado de asociación 
entre micronutrientes son muy escasos y, generalmente, la ausencia de 
correlaciones negativas entre estos elementos en las plantas ha sido 
interpretada como un indicador de la ausencia de antagonismos entre los 
mismos (Saatgi y Ya Mur, 2000).
Destacamos, por último, que no se han encontrado trabajos sobre las 
características físico-químicas de los suelos donde crecen las poblaciones 
de D. obscura, o sobre el estado nutricional de otras especies vegetales allí 
existentes. Existen trabajos recientes, con objetivos similares a los de 
nuestro estudio, sobre especies de los géneros Arbutus, Cistus, 
Brachypodium, Pinus, Quercus, Rosmarínus, Ulex, etc, que al igual que 
D. obscura forman parte de los matorrales y bosques mediterráneos 
(González y col., 1998; Rapp y col., 1999; Trabaud, 2001). Los resultados
8
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obtenidos en estos trabajos son discutidos en las publicaciones de la 
presente investigación.
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1.2. DIGITAUS OBSCURA
Digitalis obscura L. subsp. obscura, especie objeto de estudio de la 
presente investigación, pertenece a la familia de las Escrofulariáceas.
Esta especie es un caméfito sufruticoso, glabro, con tallos simples o 
ramificados de 20 a 120 cm de altura, decumbentes o erectos. Las hojas son 
linear-lanceoladas, generalmente enteras, muy agudas, coriáceas, brillantes 
y recurvadas; su tamaño es de 3-15 cm de longitud x 0,5-1,5 cm de anchura
(F¡g-1)-
Las flores se encuentran en racimos terminales unilaterales, con 
brácteas lanceoladas más largas que los pedicelos. La longitud del cáliz 
oscila entre 5,5 mm y 7 mm, con lóbulos ovado-lanceolados, agudos y 
glabros. La corola es amarillo-anaranjada o parda, de 20-30 mm de longitud, 
con el lóbulo inferior más largo que los restantes.
La floración y fructificación tienen lugar desde mayo a agosto, 
formándose una cápsula cónica pubescente-glandulosa, de 15-20 mm, que 
contiene numerosas semillas reniformes y reticuladas.
Desde el punto de vista ecológico y fitosociológico, esta especie es un 
caméfito propio de matorrales basófilos de la clase Ononido-Rosmarinetea. 
El rango altitudinal de la especie comprende desde el nivel del mar hasta los 
1800 m, por lo que se trata de un taxon ampliamente distribuido en los pisos 
bioclimáticos Termo-, Meso- y Supramediterráneo.
10
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D. obscura tiene un área de distribución Mediterránea occidental 
(España y norte de África). La subespecie obscura es endémica del centro, 
sur y este de la Península Ibérica (presente en las provincias corológicas 
Valenciano-Catalano-Provenzal, Aragonesa, Murciano-Almeriense, Bética y 
Castellano-Maestrazgo-Manchega), en tanto que la subespecie laciniata se 
distribuye por el sur de la Península Ibérica y el norte de África (Bolos y col., 
1991).
11
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Figura 1. Dígita lis obscura
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1.3. GLUCÓSIDOS CARDIOTÓNICOS
Los glucósidos cardiotónicos son productos naturales del grupo de los 
terpenoides. Son esteroides que se caracterizan por presentar una fusión 
cis-trans-cis de sus anillos, una función hidroxilo en C14 y una lactona en 
C17. En los cardenólidos sintetizados por diferentes especies de la familia 
Escrofulariaceas esta lactona es un anillo de cinco miembros.
Las geninas de los cardenólidos también presentan en C3 un grupo 
hidroxilo que suele estar glucosilado por monosacáridos poco comunes 
formando una cadena de uno a cuatro azúcares. Dependiendo del 
monosacárido terminal los glucósidos cardiotónicos se dividen en primarios y 
secundarios. Los glucósidos primarios son aquellos cuyo azúcar terminal es 
la glucosa, y secundarios el resto.
Los cardenólidos de Digitalis se clasifican en cinco series 
dependiendo de los sustituyentes que la genina esferoide presente en las 
posiciones C12 y C16 (Fig. 2).
13
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R1
C H
R2
C H
O H
RO
Serie Genina R1 R2
A Digitoxigenina H H
B Gitoxigenina H OH
C Digoxigenina OH H
D Diginatigenina OH OH
E Gitaloxigenina H O CO H
Figura 2. Estructura química de las principales series de 
glucósidos cardiotónicos presentes en especies del género 
Digitalis.
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Los conocimientos sobre la ruta de biosíntesis de la genina (Fig. 3) y 
la posterior formación de los glucósidos farmacológicamente activos son 
muy escasos. El colesterol o diferentes fitoesteroles han sido propuestos 
como punto de partida de la ruta biosintética de los cardenólidos (Lindemann 
y Luckner, 1997), y las primeras reacciones enzimáticas conducen hasta la 
formación de progesterona dentro de la llamada ruta general de los 
esteroides.
Dado que todos los cardenólidos tienen configuración 5p, se requiere 
un enzima estereoespecífico para obtener un esteroide con dicha 
configuración como punto de partida de la ruta específica de cardenólidos. 
Este enzima es la progesterona 5p-reductasa que cataliza la formación de 
5p-pregnano-3,20-diona a partir de progesterona (Fig. 3). Esta proteína, 
considerada el primer enzima clave de la ruta biosintética, fue purificada por 
Gártner y col. (1994) y, recientemente, el gen (Dpp5j3r) que la codifica ha 
sido aislado de Digitalis purpurea (Gavidia y Seitz, 2001). La siguiente 
reacción es la conversión de 5p-pregnano-3,20-diona en 5p-pregnano-3p-ol- 
20-ona por un segundo enzima estereoespecífico, la 3p-hidroxiesteroide-5p- 
oxidoreductasa (Fig. 3). Las reacciones de hidroxilación en 14p, la formación 
del anillo lactona insaturado en C17, y los procesos de glucosilación se 
desconocen hasta el momento.
15
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chdesterd pregnendone A5-pregnene-3,20-dione
33HSD
5fi-pregnan-3(}-d-20-one
33HS-5POR
5[i-pregnane-3,20-dione
P5pR
progesterone
5P-pregnan-3p, 14|i-did-20-one
OH OH
digitoxigenin5(3-pregnan-3P,14P, 21-trid-20-one
Figura 3. Ruta de biosíntesis de los glucósidos cardiotónicos 
(Gártner y col., 1994)
Los glucósidos digitálicos han sido definidos como inhibidores 
alostéricos de la Na+/K+ - ATPasa, lo cual afecta a un amplio rango de 
funciones celulares como la excitabilidad de músculos y del sistema 
nervioso, transporte secundario y regulación del volumen celular (Melero y 
col., 2000). Estas propiedades permiten que los cardenólidos puedan ser
16
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empleados como medicación en casos de insuficiencia cardíaca congestiva. 
Así, el tratamiento con estos compuestos es el único que por vía oral es 
seguro y mejora la hemodinámica en pacientes con insuficiencia cardiaca 
(Schwinger y col., 2003). Los glucósidos cardiotónicos más importantes para 
la industria farmacéutica son la digitoxina y la digoxina, este compuesto es 
uno de los diez productos naturales más prescritos actualmente.
En los últimos años se están realizando investigaciones encaminadas 
a la posible utilización de estos metabolitos secundarios como fármacos 
anticancerígenos (Kometianí y col., 2005)
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1.4. FACTORES QUE INFLUYEN EN LA BIOSÍNTESIS DE 
CARDENÓLIDOS
La capacidad de una planta para producir un determinado metabolito 
secundario depende básicamente del genotipo y del grado de diferenciación 
de las células u órganos de la planta implicados en su biosíntesis. No 
obstante, la productividad final del vegetal está condicionada por distintos 
factores abióticos (calidad e intensidad de la luz, temperatura, características 
del suelo) y bióticos (interacciones con microorganismos y animales). 
Aunque en muchos casos es complejo conocer el grado de influencia de los 
factores citados, existen estudios en los que se ha evaluado de forma 
independiente el efecto del genotipo y de los factores ambientales (Ej. 
disponibilidad de nutrientes y predación por herbívoros) en la producción de 
sustancias por parte de la planta (Osier y Lindroth, 2001).
Las distintas líneas de investigación encaminadas a estudiar los 
factores implicados en la biosíntesis de glucósidos cardiotónicos corroboran 
lo anteriormente expuesto. Desde el punto de vista de las características 
intrínsecas a la planta, investigaciones realizadas con diferentes especies de 
Digitalis ponen de relieve que la biosíntesis de estos metabolitos 
secundarios se produce fundamentalmente en las hojas (Vogel y Luckner, 
1981), varía entre genotipos (Gavidia y col., 1996 y Nebauer y col., 1999), y 
está muy relacionada con el grado de diferenciación y organización tisular 
(Garve y col., 1980; Brisa y col., 1991; Eisenbeip y col., 1999).
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De todos los factores abióticos relacionados con la síntesis de 
glucósidos cardiotónicos, la influencia de los nutrientes y elementos 
minerales ha sido estudiada con gran interés. Estos trabajos han sido 
realizados a diferentes niveles ya que se han utilizado desde cultivos de 
células y tejidos hasta plantas adultas en sus hábitats naturales. En primer 
lugar, los estudios realizados en condiciones in vitro con diferentes especies 
de Digitalis no permiten alcanzar resultados concluyentes acerca del papel 
de los elementos minerales estudiados (Ej. N, P, Ca, Mn, Li), ya que la 
producción de cardenólidos varió dependiendo de la especie, el grado de 
diferenciación de los cultivos y las condiciones de crecimiento establecidas 
(Hagimori y col., 1982; Corchete y col., 1991; Cacho y col., 1995; Gavidia y 
Pérez-Bermúdez, 1997; Paranhos y col., 1999).
Por otra parte, son escasos los trabajos de campo donde se estudia la 
relación entre el contenido de nutrientes, tanto del suelo como de la planta, y 
la producción de cardenólidos. En este sentido, uno de los primeros estudios 
con el género Digitalis fue realizado por Borralho (1967), quien observó que 
las poblaciones de D. thapsi crecidas en suelos con bajos contenidos en Ca 
y altas concentraciones de Ba, Li, Mn y Ti acumulaban mayor cantidad de 
estos metabolitos secundarios. En el caso concreto del Mn, Grinkevich y 
Sorokina (1983) observaron en diferentes especies del género Digitalis que 
cuanto mayor era el contenido de este micronutriente en el suelo y la planta, 
mayor era la acumulación foliar de glucósidos cardiotónicos. Resultados 
similares sobre una posible participación del Mn en la síntesis de estos 
metabolitos fueron obtenidos en plantas de D. grandiflora crecidas en 
invernadero (Letchamo, 1986), ya que la pulverización foliar con Mn provocó
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un incremento significativo en su producción de cardenólidos. En otras 
especies productoras de compuestos cardiotónicos, como Convallaria 
majalis, se ha observado que las plantas acumulan una mayor cantidad de  
estos metabolitos cuando las poblaciones se desarrollan en suelos con altos 
contenidos en los macronutrientes fósforo, potasio y magnesio (Kosinski, 
1996).
Diferentes estudios llevados a cabo con la especie D. lanata han 
mostrado que otros factores abióticos como fotoperíodo y termoperíodo 
(Brugidou y col., 1988), o la concentración de dióxido de carbono y el estrés 
hídrico (Stuhlfauth y col., 1987) influyen significativamente sobre la 
producción de cardenólidos por las plantas.
Destacar, finalmente, que los factores bióticos también pueden jugar 
un papel importante en la síntesis de estos compuestos, tal como lo 
demuestra el incremento en la biosíntesis de glucósidos cardiotónicos 
inducido por la inoculación de bacterias en el sistema radicular de plantas de 
D. lanata (Gutiérrez y col., 2003). Además, en otra especie productora de 
compuestos cardiotónicos, Asclepias syríaca, se ha observado que la 
producción de estos metabolitos puede ser inducida en la hoja como 
respuesta al daño mecánico (Malcolm y Zalucki, 1996), o por el aumento de 
la densidad de áfidos (Martel y Malcolm, 2004); ambos hechos estarían 
relacionados con el desencadenamiento de una respuesta defensiva de la 
planta frente al ataque de un predador.
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2. DESCRIPCIÓN DEL ÁREA DE ESTUDIO
Las poblaciones de Digitalis obscura seleccionadas en la presente 
Tesis Doctoral se sitúan dentro de la Comunidad Valenciana. En total son 10 
poblaciones localizadas en 9 términos municipales. Para llevar a cabo los 
objetivos propuestos se diseño un plan de trabajo en tres fases:
En la primera fase se estudiaron cuatro poblaciones de D. obscura: 
Ayora, Camporrobles, Llanorel y Olocau. El muestreo se realizó en el mes de 
mayo de 1999 y sólo se analizaron hojas adultas de plantas recolectadas 
independientemente. Los análisis realizados y los resultados de esta fase se 
encuentran especificados en el Capítulo I apartado 4.1.
En una segunda fase se amplió el número de poblaciones hasta un 
total de 10: Ayora, Camporrobles, Garbí, Llanorel, Olocau, Sinarcas, El Toro, 
Tuéjar, Valí d’Alcalá 1 y 2. Estas poblaciones fueron muestreadas en mayo, 
junio y octubre del 2000, y febrero del 2001, tomándose muestras separadas 
de hojas jóvenes y adultas por cada población y fecha. Los análisis 
realizados y los resultados de esta fase se describen en el Capítulo I 
apartados 4.2. y 4.3, y en el Capítulo II apartados 5.1 y 5.2.
En la tercera fase se muestrearon únicamente las poblaciones de 
Ayora y El Toro en los meses de febrero, mayo, junio y octubre del 2002. Se  
seleccionaron tres plantas por población y fecha de muestreo, analizándose 
las hojas adultas de cada planta independientemente. Los análisis realizados 
y los resultados de esta fase se exponen en el Capítulo II apartado 5.2.
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2.1. GEOLOGÍA Y RELACIONES SUELO-MATERIAL DE ORIGEN
Para la caracterización geológica de la zona se han utilizado 
diferentes cuadernos del IGME (1973-78): Ayora (768), Alcoy (821), Chelva 
(666), Cheste (721), Landete (637), Liria (695), Jérica (639), Sagunto (668), 
Utiel (693), además de otros trabajos de revisión de la geología de la 
provincia de Valencia (G V-ITG E, 1989) o que abordan una perspectiva 
edafológica (Boluda y col., 1988a). En la Tabla 1 se muestra un resumen de 
la geología en relación con los suelos de cada una de las poblaciones de 
D. obscura estudiadas en este trabajo.
Geomorfología
La zona de estudio está formada por las grandes unidades siguientes: 
relieves montañosos y relieves medios con perfiles nivelados. A  los primeros 
pertenecen las sierras tanto de directriz Ibérica como Bética en las que 
destaca la tectónica en umbrales sobre rocas masivas. Estos relieves están 
constituidos fundamentalmente por materiales calizo-dolomíticos. A  esta 
unidad, dentro de la directriz Ibérica, pertenecen las poblaciones de Garbí, 
Olocau, Sinarcas, El Toro y Tuéjar y, con directriz Bética, las dos 
poblaciones de Valí d’Alcalá.
A los relieves medios con perfiles nivelados pertenecen los altiplanos 
continuación de la llanura Manchega. Dentro de ellos se dan formaciones 
como el relieve tabular y sus laderas, glacis de erosión, carst mecánico, 
diapiros y divisorias. En nuestro contexto cabe destacar la primera y 
segunda formación que están integradas por calizas de facies páramos,
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depositadas en sinclinales subsidentes. Los glacis de erosión se han 
excavado en las arcillas; en unos casos están totalmente desnudos, y en 
otros están protegidos por una capa de conglomerado o costra calcárea 
distinta a los materiales infrayacentes. Destaca la presencia de cerros que 
emergen del glacis alineado en pequeños interfluvios que son restos de 
antiguas cañadas. A  ellas pertenecen las poblaciones de Ayora, 
Camporrobles y Llanorel.
Materiales litoestratigráficos
Cronoestratigraficamente en el área de estudio se distinguen los 
siguientes sistemas: Triásico, Jurásico, Cretácico, Terciario y Cuaternario 
(Fig. 4).
El Triásico está bien representado en las poblaciones de D. obscura 
estudiadas. Los materiales que lo forman son areniscas, argilitas y arenas 
del Buntsandstein, así como dolomías, arcillas y margas de la facies 
Muschelkalk. Los primeros materiales se encuentran en las poblaciones de 
Sinarcas y Olocau y los segundos en Garbí, Olocau y Tuéjar.
El Jurásico, transicionalmente superpuesto al Triásico, está 
constituido por sedimentos marinos depositados en antiguas plataformas 
marinas. Los materiales predominantes son: dolomías masivas oquerosas, 
arcillas calcáreas verdes y dolomías brechoides y arcillosas. A  este sistema 
corresponden los afloramientos de la población de El Toro.
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El Cretácico está muy bien representado en toda la zona dentro de las 
sierras existentes. En él están definidos todos sus tramos estratigráficos. 
Cabe destacar la facies continental, W eald, formada por arcillas, margas y 
areniscas de ambiente lacustre, así como los afloramientos de calizas 
microcristalinas localmente dolomitizadas del Cretácico Superior que se 
presentan estratificadas en potentes bancos, que a la vez pueden presentar 
intercalaciones margosas. Estos materiales se encuentran en las 
poblaciones de Camporrobles y Llanorel.
El Terciario ocupa una importante extensión y comprende varios 
ciclos de sedimentación correspondientes a ambientes de transición. Está 
constituido esencialmente por materiales detríticos margoso-arcilloso-rojizos, 
a menudo con conglomerados junto a los macizos montañosos mesozoicos 
(Mioceno). Otra formación muy extensa, de carácter fuertemente detrítico, 
está constituida por margas arcillosas dominantemente rojas que alternan 
con potentes bancos de areniscas y conglomerados (Neógeno). En la zona 
de Valí d’Alcalá se localiza una formación calcáreo-margosa de calizas 
lacustres de grano fino intercaladas con margas. La población de Ayora se 
sitúa en un barranco excavado en materiales conglomeráticos de naturaleza 
calcárea y arcillas rojas.
En el Cuaternario se distingue el Pleistoceno y Holoceno. El primero, 
aparece representado por un sistema de terrazas-glacis correspondiente a la 
red fluvial. En el Holoceno existen materiales indiferenciados. No hemos 
encontrado poblaciones de Digitalis obscura en estas formaciones.
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Litogeoquímica
Los cimientos geológicos de toda el área de estudio, desde una óptica 
litogeoquímica, se pueden agrupar en los siguientes conjuntos (Boluda y 
col., 1988a): calcimagnésico, ortosialférrico y detrítico. Los dos primeros 
procedentes de rocas masivas duras o cristalinas y el tercero de materiales, 
en su mayoría arcillosos, más blandos y deleznables.
En el conjunto calcimagnésico se forman suelos donde es frecuente la 
presencia de depósitos minerales, en los que los cationes Ca2+ y Mg2+ 
ejercen especial protagonismo. Esta integrado por los materiales 
Mesozoicos. Se inician con depósitos del Muschelkalk representados por 
sedimentos masivos de dolomías. También en este grupo se incluyen los 
potentes sedimentos Jurásicos calizos y dolomíticos y los materiales también 
masivos del Cretácico Superior constituidos igualmente por calizas y 
dolomías. A este conjunto de materiales pertenecen los suelos de las 
subunidades Calcisol háplico de Llanorel y Valí d’Alcalá, Calcisol pétrico de 
Camporrobles y Cambisol calcáneo de El Toro.
En el conjunto ortosialférrico, las formaciones edáficas están 
condicionadas en origen por la presencia de un basamento de rocas silíceas 
formadas, fundamentalmente, por areniscas y arcillas. Está representado por 
depósitos del Buntsandstein en donde mayoritariamente se encuentran 
areniscas rojas. Dentro de este, se incluyen suelos como el Acrisol háplico 
de Sinarcas y el Cambisol crómico de Olocau.
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El conjunto detrítico está formado por materiales químicamente 
complejos y muy heterogéneos, con minerales en los que interviene tanto 
calcio y magnesio como silicio, hierro y aluminio. En ellos hay que tener en 
cuenta, además de su naturaleza química, las características de 
consolidación y granulométricas. Aunque este conjunto no se justifica por 
exclusivas razones químicas, es admisible por consideraciones litológicas y 
se valora por la abundancia con que se ofrece en el área de estudio. En este 
conjunto se encuentra la subunidad de suelo Regosol calcárico de Ayora, 
Garbí y Tuéjar.
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Tabla 1. Geología en relación con los suelos de cada una de las
poblaciones de D. obscura estudiadas.
Población Tipo de 
suelo
Geomorfología Litoestratigrafía Litogeoquímica
Ayora Regosol
calcárico
Relieves medios con 
perfiles nivelados
Terciario Detrítico
Camporrobles Calcisol
pétrico
Relieves medios con 
perfiles nivelados
Cretácico Calcimagnésico
Garbí Regosol
calcáneo
Relieve montañoso T riásico- 
Muschelkalk
Detrítico
Llanorel Calcisol
háplico
Relieves medios con 
perfiles nivelados
Cretácico Calcimagnésico
Olocau Cambisol
crómico
Relieve montañoso Triásico-
Muschelkalk-
Buntsandstein
Ortosialférrico
Sinarcas Acrisol
háplico
Relieve montañoso T riásico- 
Buntsandstein
Ortosialférrico
El Toro Cambisol
calcárico
Relieve montañoso Jurásico Calcimagnésico
Tuéjar Regosol
calcárico
Relieve montañoso Triásico-
Muschelkalk
Detrítico
Valí d’Alcalá-1 Calcisol
háplico
Relieve montañoso Terciario Calcimagnésico
Valí d’Alcalá-2 Calcisol
háplico
Relieve montañoso Terciario Calcimagnésico
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L E Y E N D A
CUATERNARIO
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Figura 4. Localización de las poblaciones de D. obscura objeto de estudio 
en un mapa geológico de la Comunidad Valenciana. Fuente: “Catálogo de 
suelos de la Comunidad Valenciana” (Forteza y col., 1995). Poblaciones: 
Ayora (1), Camporrobles (2), Garbí (3), Llanorel (4), Olocau (5), Sinarcas (6), 
El Toro (7), Tuéjar (8), Valí d’ Alcalá -1 y 2 (9-10).
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2.2. CLIMATOLOGÍA
La influencia de los diversos factores climáticos se pone de manifiesto 
por la presencia de diversas fitocenosis y determinados procesos 
edafogenéticos. Así por ejemplo, la temperatura y la precipitación 
caracterizan los pisos bioclimáticos y el ombroclima respectivamente, y las 
relaciones entre ambas condicionan las series de vegetación de una zona 
determinada. Igualmente, influyen en la actividad biológica y de esta forma 
en el proceso de la humificación (Kononova, 1982; Boluda y col., 1988b). No 
menos importante es su relación con el lavado, iluviación de arcilla y/o 
presencia de carbonato cálcico en el perfil del suelo.
Como es sabido, la Comunidad Valenciana presenta un clima de tipo 
mediterráneo, templado, caracterizado por un largo periodo árido estival y 
por presentar los máximos de precipitación coincidiendo con el otoño y la 
primavera. No obstante, existen variaciones climáticas importantes. Por ello, 
se ha realizado un estudio edafoclimático de acuerdo con el método de 
Thornthwaite (Tamés, 1949), ombroclimático según Gaussen (1954) y 
bioclimático a partir de los criterios de Rivas-Martínez (1980), para las 
estaciones climáticas cercanas a las poblaciones de D. obscura. Para ello se 
han utilizado los datos de GV (1995-97) y Pérez (1994), además del 
programa informático de Soriano y Pons (2001). Los resultados obtenidos se 
resumen en la Tabla 2.
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Tabla 2. Temperatura y precipitación media anual, tipo climático, 
ombroclima y piso bioclimático de las poblaciones de D. obscura.
Población
Temperatura 
media anual 
(°C)
Precipitación 
media anual 
(mm)
Tipo climático Ombroclima Piso bioclimático
Ayora 13,4 406 Semiárido Seco Mesomediterráneo
Camporrobles 12,0 461 Secosubhúmedo Seco Supramediterráneo
Garbí 16,4 572 Semiárido Seco Termomediterráneo
Llanorel 15,6 505 Semiárido Seco Termomediterráneo
Olocau 16,4 572 Semiárido Seco Termomediterráneo
Sinarcas 12,6 512 Secosubhúmedo Seco Supramediterráneo
El Toro 12,2 403 Secosubhúmedo Seco Supramediterráneo
Tuéjar 13,6 483 Semiárido Seco Mesomediterráneo
Valí d’Alcalá-1 17,4 676 Secosubhúmedo Subhúmedo Termomediterráneo
Valí d Alcalá-2 17,4 676 Secosubhúmedo Subhúmedo Termomediterráneo
Las precipitaciones medias anuales en las zonas estudiadas oscilan 
entre los 403 mm de la población de El Toro hasta los 676 mm de la 
población de Valí d’Alcalá. Las temperaturas medias anuales varían entre los 
12,0 °C de Camporrobles y los 17,4 °C de Valí d’Alcalá. Así pues, las 
poblaciones se caracterizan por: a) un tipo climático semiárido o 
secosubhúmedo, b) un ombroclima seco, excepto Valí d’Alcalá donde es 
subhúmedo debido a la mayor precipitación, c) su distribución en los pisos 
bioclimáticos Termo-, Meso- y Supramediterráneo (Tabla 2).
En las Figuras 5 A y B se presentan, a modo de ejemplo, los 
diagramas de Thornthwaite para los tipos climáticos secosubhúmedo y 
semiárido representativos de las poblaciones de D. obscura estudiadas. 
Como es lógico, ambos tipos climáticos se caracterizan por presentar las
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precipitaciones máximas en otoño y primavera, aunque en el caso del tipo 
climático semiárido las lluvias son escasas y mal repartidas presentando un 
déficit de agua entre junio y septiembre, mientras que en el secosubhúmedo 
el déficit se presenta durante los meses de julio a octubre. Como se puede 
observar en los diagramas es evidente la menor reserva que se da en el tipo 
climático semiárido.
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Figura 5 A. Diagrama de Thornthwaite para el tipo climático 
secosubhúmedo.
Estación :
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Figura 5 B. Diagrama de Thornthwaite para el tipo climático 
semiárido.
Estación :
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Con los datos obtenidos tras la realización de este estudio y siguiendo 
el criterio de la Soil Taxonomy (SSS, 1992), el régimen de humedad del 
suelo es xérico para todas las poblaciones. El régimen de temperatura del 
suelo es mésico para las poblaciones de Ayora, Camporrobles, Llanorel, 
Sinarcas y El Toro, y térmico para el resto de poblaciones.
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2.3. SÍNTESIS DE VEGETACIÓN
Desde el punto de vista de la tipología biogeográfica o corológica, las 
poblaciones de D. obscura estudiadas se encuentran en la Región 
Mediterránea, localizadas dentro de las provincias Valenciano-Catalano- 
Provenzal y Castellano-Maestrazgo-Manchega. Cada región o grupo de 
regiones corológicas afines posee sus peculiares pisos bioclimáticos. En la 
Figura 6 podemos observar la localización de las poblaciones sobre un mapa 
de pisos bioclimáticos en la Comunidad Valenciana (Costa, 1986).
La vegetación de las poblaciones situadas en el piso 
Termomediterráneo está formada por un estrato arbóreo cuya especie 
predominante es Pinus halepensis, y muy puntualmente aparecen ejemplares 
de Quercus rotundifolia en la población de Llanorel y de Ceratonia siliqua en 
la población de Olocau. Con respecto al estrato arbustivo, las especies más 
abundantes en la mayoría de las poblaciones son Anthyllis cytisodes 
Brachypodium  spp, Chamaerops humilis, Cistus albidus, Erica multiflora, 
Globularia alypum, Pistacia lentiscus, Rosmarinus officinalis y  Ulex 
parviflorus. En este piso se encuentran los sectores Setabense (poblaciones 
de Llanorel y Valí d’Alcalá 1 y 2) y Valenciano-Tarraconense (poblaciones de 
Garbí y Olocau). En ambos la vegetación potencial corresponde al carrascal 
termófilo valenciano (Rubio-Quercetum rotundifoliae) y el carrascal con 
lentisco (Bupleuro-Quercetum rotundifoliae pistacietosum lentisci).
En las poblaciones situadas en el piso Mesomediterráneo, y más 
concretamente en Ayora, la vegetación corresponde a un matorral 
degradado en el que las especies más representativas son Brachypodium
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spp, Erica multiflora, Helichrysum stoechas, Inula viscosa, Quercus 
coccifera, Rhamnus alaternus, Rosmarinus officinalis, Rubus ulmifolius, Sf/pa 
tenacissima y Ulex parviflorus. La población de Tuéjar se encuentra en un 
campo de almendros abandonado en el que predomina la vegetación 
arvense. En este piso dentro del sector Setabense, donde se encuentra la 
población de Ayora, la vegetación potencial corresponde al carrascal con 
influencia levantina matizado por la existencia de la aliaga (Bupleuro- 
Quercetum rotundifoliae-ulicetosum parviflorae). En el caso del sector 
Maestracense, donde se encuentra la población de Tuéjar, la vegetación 
potencial es Hedero-Quercetum rotundifoliae.
En el piso Supramediterráneo localizamos a las poblaciones de 
Camporrobles, Sinarcas y El Toro. Es de destacar la población de Sinarcas 
donde la vegetación es calcífuga, lo cual contrasta con el resto de las 
poblaciones donde, debido a la naturaleza calcárea del sistema edáfico, la 
vegetación es de naturaleza basófila. Así en la población de Sinarcas las 
especies más abundantes son Arbutus unedo, Erica arbórea, Cistus ladanifer 
y Pinus pinaster, mientras en Camporrobles y El Toro encontramos especies 
que forman parte del matorral basófilo Supramediterráneo tales como 
Erinacea anthyllis, Genista scorpius, Juniperus phoenicea y Rosmarinus 
officinalis. En este piso la vegetación potencial de los sectores Manchego 
(Camporrobles y Sinarcas) y en el sector Maestracense (El Toro) 
correspondería a Bupleuro-Quercetum rotundifoliae quercetosum  y Junipero- 
Quercetum rotundifoliae, respectivamente.
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T e rm o m e d ite rríin e o  y 
M psom pdile»raneo inferior
M e s o m e d ite rrá n e o
S u p ra m e d ite rrá n e o
O ro m e d ite rra n e o
Figura 6. Localización de las poblaciones de D. obscura objeto de estudio en un mapa 
de distribución de los Pisos Bioclimáticos de la Comunidad Valenciana. Fuente: 
“Catálogo de suelos de la Comunidad Valenciana” (Costa, 1986 en Forteza y col., 
1995). Poblaciones: Ayora (1), Camporrobles (2), Garbí (3), Llanorel (4), Olocau (5), 
Sinarcas (6), El Toro (7), Tuéjar (8), Valí d’ Alcalá -1 y 2 (9-10).
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2.4. EDAFOLOGÍA
Los suelos donde se desarrollan las poblaciones estudiadas de 
D. obscura, se han caracterizado morfológicamente siguiendo la 
nomenclatura FAO y se han clasificado según la taxonomía W RB (FAO, 
1998) por ser los sistemas más utilizados en Europa. Los grupos de suelos 
definidos han sido: Regosoles, Calcísoles, Cambisoles y Acrisoles. En la 
Tabla 3 se presentan, resumidas, las unidades del suelo, la secuencia de 
horizontes, la vegetación, el material geológico y el régimen de humedad del 
suelo en las poblaciones de D. obscura estudiadas.
Los Regosoles son suelos poco evolucionados, de perfil AC, 
procedentes de materiales no consolidados excepto materiales de textura 
gruesa que no presentan más que un horizonte de diagnóstico ócrico. Dentro 
de este grupo se ha descrito la unidad de los Regosoles calcáricos debido a 
la presencia de carbonato cálcico. Los suelos de las poblaciones de Ayora, 
Tuéjar y Garbí pertenecen a esta unidad de suelos.
Los Calcisoles son suelos caracterizados por poseer un horizonte 
cálcico o petrocálcico, dentro de una profundidad de 100 cm a partir de la 
superficie; sin otros horizontes de diagnóstico más que un ócrico o un 
horizonte cámbico impregnado de carbonato cálcico. En este grupo de 
suelos se han descrito dos unidades: Calcisol pétrico localizado en la 
población de Camporrobles y Calcisol háplico en las de Llanorel y  Valí 
d’Alcalá.
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Los Cambisoles son suelos cuya particularidad fundamental es que 
poseen un horizonte de diagnóstico cámbico, sin otros horizontes más que 
un horizonte A  ócrico. Dentro de este grupo se ha descrito la unidad de 
Cambisol crómico que se encuentra en la población de Olocau, y la unidad 
Cambisol calcárico de la población de El Toro.
Los Acrisoles son suelos con acumulación de arcilla que poseen un 
epipedon árgico con arcilla de baja actividad (CIC < 24 cmol(+) kg'1 arcilla) y 
saturación de bases menor del 50%  entre 25 y 100 cm de la superficie. Se 
localiza en la población de Sinarcas donde se ha identificado la unidad de 
los Acrisoles háplicos.
Las características físicas y químicas de todos estos suelos se 
detallan en los trabajos presentados en el Capítulo I.
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Tabla 3. Unidades de suelo, secuencia de horizontes, vegetación, 
material geológico y régimen de humedad del suelo en las
poblaciones de D. obscura.
Unidades 
de suelo 
(FAO 1998)
Secuencia de 
horizontes Población
Vegetación
actual
Material
geológico
Régimen de 
Temperatura 
del suelo
Regosol
calcárico
AhC Ayora
Garbí
Matorral
Matorral con 
estrato 
arbóreo
Depósitos 
coluviales y 
aluviales 
Calizas y margas
Mésico
Térmico
Tuéjar Arvense Depósitos 
coluviales y 
calizas
Mésico
Calcisol
háplico
AhBwkC Llanorel Matorral con 
estrato 
arbóreo
Margas y calizas Térmico
Valí dAlcalá-1 Matorral con 
estrato 
arbóreo
Margas y calizas Térmico
Valí dAlcalá-2 Arvense Margas y calizas Térmico
Calcisol
pétrico
AhBwkCmk Camporrobles Matorral Calizas Mésico
Cambisol
crómico
AhBwC Olocau Matorral con 
estrato 
arbóreo
Depósitos 
coluviales, 
areniscas y 
arcillas
Térmico
Cambisol
calcárico
AhBwC El Toro Matorral Arcillas y calizas Mésico
Acrisol
háplico
AEBtCR Sinarcas Matorral Areniscas Mésico
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CAPÍTULO I
Relaciones nutricionales suelo-planta, 
biomasa y producción de cardenólidos en 
poblaciones naturales de Digitalis obscura
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ABSTRACT
Mature leaves of wild-growing Digitalis obscura plants and soil 
samples were collected in four difierent regions. Soil and leaf 
mineral nutrient contentó as well as biomass and cardenolide 
productions were determined. The soils in the four collection 
sites, basic and highly calcareous, showed significant interpopu- 
lation differences in phosphorus (P), potassium (K), calcium 
(Ca), magnesinm (Mg), manganese (Mn), copper (Cu), and zinc 
(Zn). Foliar mineral nntrients and cárdeno lides also varied 
among populations. Highest cardenolide yield was found in 
those Digitalis populations presenting a better development The
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cardenolide contcnt exhibited significant negative correlations 
with the levels of P in plants and those o f Cu in soils, suggest- 
ing that thcse elements may affect cardenolide biosynthesis.
INTRODUCTION
The soil is an environmental factor with a kcy role for the distribution and 
dispersión of wild plant populations, within both edaphogenous communities 111 
and climatic plant series,121 since plant development is largely dependent on the 
nutrients of the soil. Although numerous works have shown the nutrítional 
relationships in different soil-plant systems, few studies have been published 
relating this phcnomenon with the productivity of medicinal plant species, 
including those of the genus Digitalis. These plants are the main source of 
cardenolides, sccondaiy metabolitcs of major interest in the pharmaceutical 
industry used in the treatznent of congestivc heart faiiure.
Most of the works dealing with the influencc of mineral nutrition on cardiac 
glycoside production, carried out under in vitro or controlled conditions, have 
demonstrated the significance of various mineral elements on the accnmulation of 
these secondaiy metabolitcs.13"71 This fact is particularly relevant in the scarce 
field-works carried out with Digitalis plants. Thus, it has been observed that the 
presencc of some species is linkcd to degraded soils presenting veiy low Ca levels 
and high contents of elemcnts such as barium (Ba), Mu, titanium (Ti), and lithium 
(Li).[S] Besides this, a high cardenolide accumulation has been detected in 
different Digitalis species growing on soils with high Mn or molybdenum (Mo) 
contents.19"101 It is worth noting that the cffccts of the mineral elements on 
sccondary metabolism are not generally correlated with those observed on 
biomass production.
The aims of this work are: to study the ecophysiographic characteristics of 
wild populations of the Spanish endemism Digitalis obscura, to determine the 
minera] nutrient contents in soils and plants as well as biomass of this perennial 
shrub, to analyzc the capacity to biosynthesizc cardenolides, and to establish the 
possible relationships among the different parameters evaluated.
MATERIALS AND METHODS 
CoUcction Sites
Mature leaves of wild-growing D. obscura L. (Scrophulariaceae) and 
iheír corrcsponding soil samples were collected in four different regions o f 
Valencia (Spain). The collection sites are localized in Llanorel and Olocau
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(thermomediterranean bioclimatic bclt), Ayora (mcsomeditcrranean) and 
Camporroblcs (supramediterranean), The climatic type in these populations is 
semiarid, except for Camporroblcs, which is subhumid, due to the highcr altitudc 
of this population. The geological substratos are alluvial scdiment (Ayora), 
limestone (Camporrobles), loamy-limestone (Llanorel) and sandstone colluvial 
terraíns (Olocau).
Biomass Determination
The most common mcthod for determining biomass and production is 
through allometric regressions. In ordcr to obtain an allomctric cquation valid for 
D. obscura, the method and the program dcsigned by Usó et al.111* were 
employed. For this, diameter and height mcasurcmcnts were obtaincd from 40 
plants; then, these plants were cut at the soil lcvel and dried at 60°C for dry 
weight determinations. Finally, the valúes of these three parameters were 
introduccd at thc REGRESUS program,1111 For each population, the plant 
biomass valué was obtained from 30 plants.
Soil Analyses
Soil samples (0-20 cm), collccted at a distancc of 25 cm from the selccted 
plants, were air-dríed and ground to pass through a 2 mm sieve. The particle size 
distríbution was determined by sedimentation.*121 Soil pH and electrical 
conductivity were measured in distilled water using 1/2,5 íuid 1/5 soil/solution 
lution ratios, respectívely. Orgarric matter was determined by thc Walkley-Black 
method,1131 catión exchange capacity and exchangeable catións (Ca, Mg, K and 
Na) according to thc method of Bower et al., 41 and total CaC03 by HC1 
attack.[151 Soil P was extracted by 0.5 M NaH0O3 and determined by the ascorbic 
blue method.*161 Total N was determined by thc Kjeldahl procedure. The available 
fractions of Fe, Mn, Zn and Cu were extracted as described by Boluda ct a1.[17J 
For this, 5 g of soil were extracted with 25 mi of EDTA (50 mM, pH 7) under 
stining (4h at 25°C) prior to filtration and determination by fiame atomic 
absorption spectrometry (AAS, Perkin Elmer 2080).
Foliar Analyses
Three plants were selected within each population. From each plant, 10 
mature leaves from the middle stem were harvested; leaves were then washed, 
dried and pulverized. For nutricnt analysis, samples were digested with nitríc 
acid. Ca, Mg, K, Fe, Mn, Zn, Cu, and sodium (Na) concentrations were measured
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Table 1. Ecophysiography and Plant Biomass of D. obscura Populations4
oo
Population Long. Lat
Altitude
(m)
Mean Annual 
Temperature 
(°C)
Mean Annual 
Precipítation 
(mm) Physiography Vcgetation
•Mean 
Biomass 
(g d.w.)
Ayora i°o rw 39°02'N 760 13.7 43 Gully Shrubland 45a
Camporrobles 1°24'W 980 11.2 45 Plain Shnibland 10c
Llanorel 0“5<TW 39°2Q'N 380 19.3 52 Smooth stope Pincwood 56a
Olocau 0°32'W 39°43'N 492 18.4 65 Stcep slope Pinewood 25b
•Vklues foUowed by the same letter are not significandy different (p — 0.05).
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by AAS, phosphorus was determined by spectrophotometry, and N content 
assessed by the standard Kjeldahl procednre.
Solid phase cxtractions of cardenolides from D. obscura leaves were 
performed, as descríbed by Wiegrebe and Wichtl.118* Further separation and 
analysis of the extracts were carried out by HPLC under those conditions 
descríbed by Gavidia et al.161
Statistteál Analysis
Data were subjected to analyses of variance and means compared by 
'Ilikey'is test (plant and soil nutrients) or C Dunnett’s test (cardenolide contents). 
Relationships between soil or plant nutrients and cardenolide contents were 
analyzed by Pearson’s correlation test. All analyses were undertaken with the 
SPSS 9.0 program.
RESULTS AND DISCUSSION  
Population Charactertzatlon
Ecophysiographic characterístics and D. obscura biomass of the four 
populations studied are shown in Table 1. The soils have been classified 
according to FAO.tl9J Soil subunits are haplic Calcisol (Llanorel), cromic 
Cambisol (Olocau), calcaric Regosol (Ayora), and petric Calcisol (Camporro­
bles). It is worth noting that Camporrobles soil profile is of a short depth 
(<50 cm), which severely limits both water retention and development of the root 
system.
The soils in the collection sites are slightly alkaline, highly calcareous, base 
saturated, and loam to loamy clay or loamy sand in texture. All soil samples 
presented a low electrical conductivity with no problems of salinity. Based on 
their organic matter content and cationic exchange capacity (CEC), the studied 
soils can be classified within a range of low to modérate fertility (Table 2).
Application of the REGRESSUS program1111 to D. obscura plants led to the 
following allometric equation:
Bt — (15229.22e° 04V*P) -  15224.65
where Bt is total biomass, and Vap is the apparent volume of a cylinder. Obtained 
results (Table 1) indícate that higher biomass levels are found in the populations 
of Llanorel and Ayora which are respectively localized in thermo- and 
mesomediterranean bioclimatic belts. In contrast, the plants showing the lowest 
development grow in supramediterranean regions (Camporrobles) where the 
bioclimatic, ecophysiographic and soil conditions, less favorable for plant 
development, are found. Nevertheless, such diflerences in the biomass levels are
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Tabte 2  Physico-chcmical Properties of the Studied Soils
Population PH
OM
(%)
CaCOj
(%)
EC 
(dS m "1)
CEC 
(crool Kg“ ‘)
V
(%)
Sand Sílt Clay
♦Texture(%)
Ayora 83 1.0 393 0.1 12.5 100 39.3 35.5 25.2 Loam
Camporrobles 83 3.0 54.4 0.2 19.3 100 49.6 30.5 19.9 Loam
Llanorel 8.0 3.2 43.9 0.1 15.1 100 55.9 30.0 14.1 Loamy sand
Olocau 8.1 3.0 21.1 0.1 20.8 too 26.2 45.4 28.4 Loamy clay
OM: oiganic matter; CaC03: calcium carbonate content; EC: electrical conductivity; CEC: catión exchange capacity, V: base saturation. 
♦USDA-1964,
r
8,
£
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not substantiated by the physical and Chemical properties of the soils studied 
(Table 2).
Soil M ineral Nutrients
Soil constituents related with mineral plant nutrition are shown in Table 3. 
In general, macronutrient contents are in conformity with valúes previously 
reportad for the soils of these regions, whereas micronutríent contents are
W 2^
From a nutritional point of view( we have found high Ca levels, very low 
valúes of available P, and low Mg contents, exccpt those in Ayora soils. 
Regarding to the N levels, very low valué found in the population of Ayora is to 
be noted; this fact could be related with the soil type and soil-forming factors, 
since in this región organic matter contribution is very low in accordance with 
ecophysiographic charactcristics (Table 1). Table 3 also shows significant 
interpopuladon differences in P, K, Mg, Ca, Cu, Zn, and Mn contents. However, 
these resulta do not reflect any significant correlation (data not shown) with the 
lower development of the plants grown in Camporrobles.
Follar M ineral Nutrients
The valúes of thc macroclements and oligoelements determined in 
Z>. obscura leaves are shown in Table 4. Statistical analyses demonstrated that
Tabíe 3. Macroelement and Microelement Contents in Soils*
Population
Elements Ayora Camporrobles Llanorel Olocau
N (% d.w.) 0.06a 0.19a 0.19a 0.16a
P (mg Kg~l <Lw.) 3.12ab 4.30a 1.63b 1.93ab
K (emoí Kg“ 1 d.w.) 0.54áb 0.40b 0.39b 0.82a
Mg (emol Kg-1 d.w.) 3.13a 2.03ab 0.88b 2.08ab
Ca (emol Kg“ l d.w.) 8.81b 11.04ab 15.08a 17.85a
Fe (mg Kg-1 d.w.) 13.97a 31.33a 35.87a 22.08a
Mn (mg Kg—1 d.w.) 18.84b 20.65b 30.02ab 59.57a
Zn (mg Kg-1 d.w.) 0.42b 1.20ab 2.28a 1.59ab
Cu (mg Kg-1 d.w.) 0.87b 0.84b 0.64b 1.92a
Na (emol Kg~l d.w.) 0.02a 0.03a 0.03a 0.05a
•Data are mean of nine analyses. For each element, valúes followed by the same letter 
are not significanily different {p — 0.05).
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Table 4. Macroelement and Microelemcnt Contents in Leaves of D. obscura*
Elements
Population
Ayora Camporrobles Llanorel Olocau
N (% d.w.) 1.40a 1.33a 1.10a 1.44a
P (% d.w.) 0.12ab 0.15a 0.11b 0.14ab
K (% d.w.) 1.42a 1.21a 1.29a 1.44a
Mg (% <Lw.) 0.32a 0.25b 0.17c 0.22bc
Ca (% d.w.) l.Olab l.OOab 1.22a 0.92b
Fe (mg Kg-1 d.w.) 100a 93a 78ab 60b
Mn (mg Kg-1 d.w.) 34a 15b 21b 31a
Zn (mg Kg"1 d.w.) S3a 37b 30b 34b
Cu (mg Kg-1 d.w.) 10a 8a 7a 7a
Na (mg Kg-1 d.w.) 21b 24b 45a 34ab
♦Data are mean of nine analyses. For each element, valúes followed by the same 
letter are not signiñcantly different (p =  0.05).
foliar concentrations of P, Mg, Ca, Fe, Mn, Zn, and Na showed significant 
differences among populations. Despite this fact, our data for the different 
elements analyzed range within the pattems of variation found in species typical 
of the Meditcxranean shrubland, such as Cistus spp, Arbutus unedo, Quercus 
coccifera, Pinus halepensis, etc.t23-241
It could be expected that the mineral nutrient conccntrations in the plants 
match the availability of mineral nutrients in the soil, although, in our case, no 
significant conelations were found among these parameters. This phenomenon is 
not suxprising, considering that mineral concentrations of wild plants are 
primarily dependent on thc nutrient status of the soil, but are also subjccted to the 
influence of several factors, such as element interactions, soil moisture, 
absorption selectivity, etc.í25“27l
Cardenolide Production
HPLC quaiitative analyses have permitted the idcntification of different 
genins, as weli as primary and secondaiy cardiac glycosides in the plants studied 
(Table 5). In all samples, lanatoside A was thc predominant compound, ranging 
from 66% to 76% of total cardenolides, while gitoxigenin presented thc lowest 
valué (4%). These cardenolide valúes are in agreement with previous results 
repoTted for D. obscura by Lichius 1281 and Gavidia et a l1291
Statistical analyses (Table 5) revealed significant differences among the 
cardenolide productivity of the populations studied. Thus, the highest contents of
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Table 5. Cardenolide Content (pg/g d.w.) in D. obscura 
Leaves*
Population Lanatoside A Total Cardenolides
Ayora 1008 1521a
Camporrobles 591 808b
Llanorel 1209 1596a
Olocau 576 831b
*Data are means of six analyses. Valúes followed by the 
same letter are not significantly different (p = 0.05).
total cardenolides were found in plants collectcd in Ayora and Llanorel 
populations, their productivities being significantly superior to those of plants 
from Camporrobles and Olocau. According to these results, it can be concludcd 
that a cióse relation exists bctween biomass and cardenolide productions, since a 
better development of the plants (Table 1) leads to a higher cardenolide 
accumulation (Table 5).
Besides this, the possible particular correlations betwecn cardenolide 
production and the contents in the different elements of soils and plants have been 
established. The results of this study show that only P in leaves, and Cu in soils, 
present significant correlations with the cardenolide contents of D, obscura 
leaves. In both cases the correlation coefficients are negative, with valúes of 
—0.689 and —0.613 for P and Cu, respectively, and suggcst that these elements 
may affect cardenolide production.
As far as we know, only one work has been published with regard to 
possible implications of Cu on natural product accumulaüon,I30] wherein it is 
reported that the accumulation of ginsenosides in Panax quinquefolium plants is 
negatively correlated with the level of Cu in soil. This resembles our results with 
cardenolide production in D. obscura,
On the contrary, numerous works have been carried out with different 
medicinal plants, under natural or controlled conditions, in order to determine the 
role of P in plant secondary metabolism.[4,6'31~35J It has been observed that the 
effect of this macronutrient on the production of secondary metabolites was 
dependent on its concentration and the species studied, although, in most cases, a 
low availability of phosphate provoked an increase of productivity. The negative 
correlation betwecn cardenolide and P contents found in D. obscura plants would 
support these results, which have been cxplained on the basis of an antagonistic 
regulation of primary and secondary metabolism.t33J
In this work we have studied four wild populations of the Spanish 
endemism D. obscura. Soil characteristics, mineral nutrient contents in soils and 
plants, biomass and biosynthetic capacity of this peiexmíal shrub have been
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determined. From the obtained results, it can be concluded that the content in 
cardenolides of D. obscura plants depends basically on the environmcntal 
conditions and population development, whereas it is not significantly related 
with fiie Chemical composition of the soil. These conclusions agree with those 
reached by Kosinski*351 in his study on the production of cardenolide glycosides 
in natural populations of Convallaria majalis. This author have demonstrated that 
cardenolide production is piimaiily dependen! on the light and thermic conditions 
of the populations studied, which determine the size of the shoots and the 
population density.
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Summary -  Zusammenfassung
The production of secondary metabohtes by plants growing in natural populations is conditioned by environmental factors. In the present study, 
we have investigated the relationships among soil properties, micronutrients in soils and plants. and cardenolide production from wild Digitalis 
obscura (Scrophulariaceae) populations. Young and mature leaves and soil samples were collected m ten different populations, corresponding 
to three Mediterranean bioclimatic belts (Thermo-, Meso-, and Supramediterranean betts). Soil (total and EDTA-extractable) and leaf micronu- 
incnts (Fe, Mn, Zn. and Cu), and leat cardenolide accumulation have been determined. Significant negative correlations were observed 
between Fe. Mn or Zn concentration in leaves and soil pH, as well as between Fe or Mn in leaves and carbonate content Of soils Only EDTA- 
extractable Mn was significantly correlated with Mn contení in the plants. With regard to cardenolide content in leaves, this parameter was 
negatrvely correlated with Zn^, m young leaves and with M n ^  m oíd leaves Positively correlated. however. were Fe and cardenolide content 
m young leaves The influence of environmental conditions and leaf micronutrlent contents on cardenolide accumulation is discussed
Boden-Pflanze-Wechselwirkungen ¡m Hinblick auf Mikroelement- und Cardenolidgehalte in wilden 
Digitalis obscura-Populationen
Die Produktion von sekundáren Stoffwechselprodukten m Pflanzen ist in hohem Grad abhárvgig von Umwoltfaktoren. In dieser Studie wurde 
bei Wildtypen von Digitalis obscura der Einfluss bodenchemischer Eigenschaften (pH. Karbonatgehalt, Gesaml- und EDTA-extrahierbare 
Mikronáhrstoffgehalte) aul die Mikronahrstgff (Fe. Mn. Zn und Cu) und Cardenolidgehalte in den Pflanzen untersucht. Verwendet wurden Pro- 
ben von ¡ungen und reifon Bláttern sowie Bodenproben aus zehn verschiedenen Populationen in drei bloklimatischen Zonen (Thermo-, Meso- 
und Supramittelmeergebiet). Festgesteltt wurden signifikant negative Beziehungen zwischen Fe-, Mn- oder Zn-Gehalten in den Bláttern und 
dem pH des Bodens. sowie /wischen Fe- oder Mn-Konzentration in den Bláttern und dem Karbonatgehalt der Bóden Nur EDTA-extrahier- 
bares Mn wies eme positivo Beziehung zu den Mn-Gehalten in den Pflanzen auf. Die Ergebnisse deuten darauf hin. dass die Gehalte von 
Mikroelemenlen in den Bláttern von D. obscura stárker vom pH des Bodens abhángig sind ais von den Gesamt- oder den extrahierbaren 
Mikroelementgehalten der Bóden Ebenso wurden signifikant nogative Beziehungen zwischen Cardenolidgehalten und Zn-Gehalten in ¡ungen 
Bláttern. sowie Mn-Gehalten in Alteren Blattem festgestellt. Die Fe-Gebalte in ¡ungen Bláttern waren |edoch positrv mit dem Cardenolidgehalt 
Kurrelierl Diese Befunde werden mn Hinblick auf die Cárdenolidbiosynthese diskutiert
Key words: cardenolides / Digitalis / micronutrients! natural environment / soil-plant interactions PNSS P03/36P
1 Introduction
The soil is a key environmental factor for wild plant popula- 
tions since plant development is largely dependent on the 
nutrients of the soil. Nutrients not only alfect pnmary metabo- 
lism, but may also influence the production of different sec­
ondary compounds (Lr and Mazza. 1999) This is of special 
interest when the synthetic production of a desirable natural 
compound is economically unprofitable. and when the most 
importan! sources of such products are different organs of 
the plant (roots, leaves, fruits, etc). This is the case of cardiac 
glycosides, used in the treatment of congestive heart failure, 
which are extracted from the leaves of several Digitalis spe­
cies. Our work deais with Digitalis obscura  L. (Scrophulan- 
aceae), a perenmal shrub commonty found in different biocli­
matic belts and regíons of Spain.
Most of the studies on mineral nutrition of Digitalis plants, car­
ried out under in vitro or contrallad conditions (Ohlsson and
* Correspondence L Roca-Pérez; E-mnil luis.rocaOuv.es
Berglund, 1989; Corchete et al., 1991; Gavidia and Pérez- 
Bermúdez, 1997) and field expenments (Borralho da Grapa 
1967; Gnnkevich and Sorokina. 1983; Letchamo, 1986) have 
suggested the importance of some microelements on the pro­
duction of cardiac glycosides Therefore, soil and plant 
mineral analyses of wild plant populations may be tools for 
understanding soil and plant nutrient levels and their possible 
correlations with secondary metabolite production in plants.
Several studies have shown that m icroelement contents in 
plants are affected not only by soil microelement concentra­
tions. but also by differences in Chemical properties (i. e pH 
and carbonate content) of the soils ( Thompson et al.. 1997; 
Brun et al., 1998; Rapp et al., 1999; Saatgi and Ya Mur. 
2000). Although mineral concentrations for some species 
typical of the Medilerranean shrubland have been reponed 
(Specht and Molí, 1983; Rapp et al.. 1999), we have not 
found any study carried out in natural populations of this 
región that correlates the m icroelement status in wild plants 
with the Chemical characteristics and microelement concen­
trations of the soils.
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The aims of this work were: (i) to determine soil properties, 
micronutrients in soils and plants, and cardenolides from ten 
wild Digitalis obscura populations; (ii) to establish the relation­
ships between soil characteristics and micronutrients in 
leaves of D. obscura; and (iii) to study the possible relation­
ships between the different parameters analyzed and Digita­
lis cardiac glycosides accumulation.
2 M aterials and methods
2.1 Study area
The study was conducted in ten populations of Digitalis 
obscura L. (Scrophulariaceae), located in the Valencian 
Community (Spain), that belong to the Thermo-, Meso- or 
Supramediterranean bioclimatic belts (see Tab. 1). The 
Thomthwaite climatic type (Tames, 1949) in these popula-
J. Plant Nutr. Soil Sci. 2004, i 67. 79-84
tions is semiarid, except for Camporrobles, Sinarcas, Toro, 
and Valí d'Alcalá, which are dry-subhumid. Coordinates, alti- 
tude, parent material, physiography, and vegetation of these 
populations are shown in Tab. 1.
2.2 Plant sampling and analyses
The sampling took place in May, July, October 2000 and 
February 2001. Ten plants were selected within each popula­
tion and sample date. Each sample consisted of 40 young 
leaves (the first four underneath the apical bud, still growing 
leaves) or 40 mature leaves (the first four above the clearly 
senescent leaves) collected separately. The leaves were 
washed. dried at 60 °C for 72 h, and pulverized. Nutrient 
(three replicates per sample) and cardenolide (four replicates 
per sample) analyses were performed as described by Roca- 
Pérez et al. (2002).
Table 1: Coordinates, bioclimatic belt (altitude), parent material, physiography, and vegetation of the studied Digitalis obscura populations. 
Tabelle 1: Koordinaten. biokiimatische Zonen. Physiograhpie und Vegetation der untersuchten Digitalis obscura-Populationen.
Population Coordinates Biocllm. belt Parent matenal Physiography Vegetation
Ayora 1°0TW Meso-(760) Alluvial-colluvial deposits Gully Shrubland
Camporrobles 39-39^, Supra-(980) Limestone Plain Shrubland
Garbí 0°23'W Thermo-(560) Limestone and marl Steep slope Pinewood
Llanorel 39°20'N, 0°5 (m Thermo-(380) Mari and limestone Smooth slope Pinewood
Olocau 39“43'N, 0°32'W Thermo-(492) Sandstone and colluvial deposits Steep slope Pinewood
Sinarcas 39°50'N, 1°12'W Supra-(1100) Sandstone Smooth slope Shrubland
Toro 39C59'N, 0°44'W Supra-(1026) Clay and limestone Plain Shrubland
Tuéjar 39C46'N, r04 'W Meso-(600) Colluvial deposits and limestone Terrace Uncultivated land
Valí d'Alcalá-1 38°47'N, 0° 173/1/ Thermo-(660) Marl and limestone Smooth slope Pinewood
Valí d'Alcalá-2 38”47'N, 0° 17'W Thermo-(650) Marl and limestone Smooth slope Uncultivated land
Table 2: Physical and Chemical properties of the soils under natural populations of Digitalis obscura.
Tabelle 2: Physikalische und chemische Eigenschaften der Boden unter den Digitalis obscura-Populationen.
Population PH
(H20)
OM
(a)
TC
(b)
EC
(C)
CEC
(d)
V
(e)
Sand Silt Clay Texture
(USDA)
1:2.5 (%) (%) (dS rrr1) (emol kg-1) (%) (%)
Ayora 8.4 1.4 33 0.14 13.2 100 39.3 35.5 25.2 Loam
Camporrobles 8.2 3.5 46 0.17 14.7 100 496 30.5 19.9 Loam
Garbi 8.3 2.3 29 0.15 14.7 100 323 50 7 17.0 Loamy silt
Uanorel 8.1 3.5 39 0.15 16.0 100 55.9 30.0 14.1 Loamy sand
Olocau 8.1 3.0 18 0.13 18.5 100 26.2 45.4 28.4 Loamy clay
Sinarcas 6.4 3.3 0 0.06 12.3 75 73.0 12.0 15.0 Loamy sand
Toro 8.3 3.2 22 0.16 18.1 100 40.5 45.5 14 0 Loam
Tuéjar 8.2 2.1 46 0.15 24.0 100 27.8 45.8 26.4 Loam
Valí d'Acalá-1 7.9 4.2 44 0.18 29.4 100 29.7 47.9 22.4 Loam
Valí d'Alcalá-2 9.1 2.6 56 0.16 25.1 100 30.1 48.2 21.7 Loam
(a) OM, organic matter; (b) TC, total carbonate; (c) EC. electrical conductivity; (d) CEC. catión exchange capacity; 
(e) V, base saturation
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2.3 Soil sampling, analyses, and characterization
81
For each locatlon and date of sampling, soil samples 
(0-20  cm) were collected at a distance of 25 cm from selected 
plants The ten samples of each population were mixed 
together. Sample pre-treatment and analyses (soil properties 
and available micronutrients) were performed as previously 
reported (Roca-Pérez et al., 2002). Total contení of Fe, Mn, 
Zn, and Cu in soils were determined by AAS in samples 
digested with an actd mixture of HNOa and HCI04. Three 
replicatos were performed per sample.
The soils have been classified according to FAO (1998). Soil 
subunits are haplic Calcisol (Llanorel and Valí d'Alcalá), chro- 
mic Cambisol (Olocau), ealcaric Regosol (Ayora, Tuéjar, and 
Garbi), petric Calcisol (Camporrobles), haplic Acrisol {Sinar­
cas). and calcaric Cambisol (Toro). These soils show different 
degrees of evolulion in the Mediterranean Región, immature 
soils where B horizons are not developed (Regosol), calcar- 
eous mature soils characterized by A/Bwk/C or A/Bw/C pro- 
files (Calcisol and Cambisol), and acid mature soils with high 
activity clay (Acrisol). The soils were characterized by loamy 
sand to loamy clay textures. alkaime p H ^ ,  high total carbo­
nate levels. and base saturation, except in Sinarcas, where 
P»H20 was slightly acid (6.4) and carbonates were not found. 
All soil samples presented a low electncal conductivity with 
no problems of salinrty. The orgamc matter content variad 
between 1.4% and 4.2% . and the range ol catión exchange 
capacity (CEC) was 12.3-29.4 emol kg*' (Tab. 2).
2.4 Statistical analyses
All variables analyzed were first tested lor data normality by 
using Shapiro-Wilk’s test. Pearson's correlations were used 
to test the possible relationships between the parameters stu­
died. All analyses were undertaken with the SPSS 9.0 pro­
gram.
3 Results and discussion
3.1 Soil and plant mlcronutrient concentrations 
and leaf cardenolide contents
Total concentrations and extractable fractions of iron, manga­
neso, zinc, and copper are given in Tab. 3. Total contents are 
within the ranges previously described for these elements in 
natural soils of the Valencian Community (Boluda, 1988), and 
are also similar to the baseline concentrations reported by 
Crien et al. (1999) for unpolluted soils around the wortd The 
mosi nottceable data are the large interpopulation variations 
of total micronutrient concentrations (coefficients of variation 
CV = 43 -49% ) and EDTA-extractable concentrations (CV = 
50-168% ). In companson with the high variability found in 
soils, D. obscura plants from the different populations were 
quite uniform in their micronutnenl contents and data showed 
low coefficients of vanation. being oíten below 16% (Tab 4). 
Micronutnent status found in D. obscura plants is similar to 
that previously reported for other woody species (namely, 
Cistus spp, Arbutus unedo, and Quercus spp) of the Mediter- 
ranean shrubland (Specrif and Molí, 1983: Rapp el al., 1999).
Table 3: Concentrations (mg (kg d wt.)"') of total and EDTA-extrac­
table micronutnents in soils under natural populations ol Digitalts 
obscura.
Tabelle 3: Gesamt- und EDTA-extrahierbare Mikronáhrstoffgehalte 
(mg (kg Trockengewicht)*’) Im Bodon unter den Digitalis obscura- 
Populationen.
Population Fe Mn Zn Cu
Total
Ayora 13 870*2130 241*26 23*2 11*1
Camporrobles 8174*531 152*9 17*1 8*1
Garbi 21 667*2396 444*41 58*8 19*1
Uanorel 14 377*953 196*13 17*2 7*1
Olocau 31 581*4307 652*40 39*2 18*1
Sinarcas 8 369+1695 170*35 12*3 5*0
Toro 26 614*1572 384*30 48*3 19+0
Tuéjar 16 250*1257 245*14 25*1 13*0
Valí d Alcalá-1 15 682*89 273*17 51*3 26*1
Valí d Alcalá 2 11 934*498 224*16 42*3 21*1
C.V. (a) 43 49 47 45
EDTA-extractable
Ayora 1S±3 23*2 0.5*01 1.0*0.1
Camporrobles 22*6 19*5 1.0*0.2 1.1*0,1
Garbi 47*8 38*8 24*1.1 1 7*0.4
Uanorel 45*16 33+3 1.5+0.5 07*0.1
Olocau 29*8 62*8 1.4*0.4 2 .0 *02
Sinarcas 383+89 117*61 1.5*04 0.8*0.1
Toro 20*3 48*4 1 0*0.2 2.2+0.0
Tué|ar 19*4 22*3 05*0.1 1 5*0.2
Valí d'Alcalá-1 31*14 59+13 28*2.1 5 2 *0 5
Valí d'Alcalá-2 24*2 29*9 2.3*1.2 4 1*0.1
C.V. (a) 168 62 50 80
(a) C.V, coefficient of vanation (%)
All these results, besides data shown in Tab. 2, indícate that 
D. obscura is a species able to grow in soils with different 
degrees of evolution. physical and Chemical properties, and 
micronutnent concentrations. Nevertheless. these differential 
characteristics of the soils where D. obscura grows do not 
provoke large variations in the micronutrient status of this 
plant species.
Cardenolide concentrations found m D. obscura plants. from 
the diflerent populations studied. showed a great variability; 
the plants from the most productiva population (Ayora) pre­
sented a máximum mean content of 2257 ¡ig cardenolides 
(g d. wt.)*1, in contrast to valúes so low as 704 |tg (g d. wt.)*' 
found in plants from Toro (Tab. 5). This range of variation is 
consistent with the valúes previously reported for in vitro- 
derived or wild plants of this species (Gavidia et al., 1996; 
Gavidia and Pérez-Bermúdez. 1997). Moreover, our data 
suggest that mild climatic conditions favor cardenolide bio- 
synthesis (groups of Thermo- and Mesomediterranean popu­
lations), while populations growing in Supramediterranean 
locations form a low-yielding group of plants. Nevertheless. 
some populations within Ihese groups showed a differential 
behavior. Thus, we can consider that the Ayora population is 
formed by elite genotypes, while plants from Toro and Olocau 
are just the opposite in terms of cardenolide production. 
Therefore, interactions between genetic factors and environ-
© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 4: Micronutnent content3 (mg (kg d wt)'1) in leaves ol Digitalis 
obscura.
Tabelle 4: Mikrorváhrstotfgehalto (mg (kg TrockengewtchtK1) in 8lát- 
tem von Digitalis obscura.
Population Fe Mn Zr> Cu
Ayora young 71*17 28*6 27*5 10-2
mature 119+46 35*4 34*2 9*1
Camporrobles young 67+27 16*2 29*5 11*3
mature 89*27 21*2 37*5 9+2
Garbi young 85*30 25*5 34+5 10*3
mature 122*28 39+7 46*8 11*3
Uanorel young 88+20 19*2 31*8 10*4
mature 133*31 26*2 32*5 9+4
Olocau young 81*20 29*3 28*6 10+4
mature 109*40 41*4 30*4 9+2
Sinarcas young 100133 45*16 37*8 10*2
maniré 142*30 68*17 68*13 11*3
Toro young 93+30 39*7 43*8 9*3
malure 151*67 51*15 58*13 10*2
Tuéjar young 69*23 32+9 29*3 10*3
mature 105*27 41+8 40*5 12*3
Valí d'Alcalá-1 young 88*25 30+5 35*4 13*2
mature 114*44 37*10 43*2 14+3
Valí d'Alcalá-2 young 82*23 21*3 37*9 10+3
malure 106*25 24+6 48*21 9*3
C.V. (a) young 12 30 15 10
mature 15 34 26 16
(a) C V , coelftaent ol variation (%)
Table S: Total cardenolide contents (ng (g d. wt.)'1) in leaves ot Digi 
talis obscura collected from natural populations located in different 
bioclimatic belts.
Tabelle 5: Cardenolidgehalte (pg (g Trockengewicht)'1) in Blátlem 
von Digttalis obscura, von Populationen aus verschiedenen bioklima- 
tischen Zonen.
Bioclimatic bett Population Mean t  SO /  Mean ± SD /
population (a) bioclimatic 
belt (a)
Supramediterranean Camporrobles 964+172 927*207
Sinarcas 1 112*146
Toro 704*52
Mesomediterranean Ayora 2 257*28 1 827*609
Tuéjar 1 396*66
f 1 5 Olocau 895+62 1 301+250
Garbi 1 249*71
Uanorel 1 541*104
Valí d'Alcalá-1 1 4161115
Valí d'Alcalá-2 1 403+160
(a) Mean of total cardenolides in young and mature leaves
mental conditions probably are playtng a major role in D. 
obscura productivity. On the contrary. rt seems that soil type 
did not affect the production of these metabolites.
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3.2 Relationships between soil characteristícs and 
leaf micronutrient contents
A comparison between the valúes of soil (Tab. 3) and plant 
(Tab. 4) micronutrients showed the influence of soil pH on 
nutrient availability and uptake by plants. Particularly, Sinar­
cas and Camporrobles populations showed similar soil total 
contents of Fe and Mn, but were characterized by the highest 
(Sinarcas) and lowest (Camporrobles) foliar concentrations 
of these micronutrients (Tab. 4). This could be related to the 
acid soil pH (Tab 2) and high Fe and Mn valúes obtained by 
EDTA-extraction (Tab. 3) for haplic Acrisol (Smarcas). and 
the high pH (Tab. 2) and low valúes of these elements (Tab. 3) 
from a petríc Calcisol (Camporrobles) Our results are in 
agreement with those of Rapp et al. (1999) who found higher 
Fe and Mn concentrations in leaves of Quercos spp. popula­
tions growing in acidic soils than in trees growing in calcar- 
eous soils
Statistical analyses of our data revealed significant negative 
correlations between soil pH and Mn or Zn contents in mature 
leaves (r=  -0.702. P <  0.05 and r = -0.705. P <  0.05. respec- 
tively). and soil pH and Fe (r = -0.664, P  < 0.05) in young 
leaves of D obscura plants These results indícate that 
increased soil acidity leads to higher micronutnent contents 
m plants. although we have not found significant correlations 
of this property with Cu. Similar results were found in wild 
herbaceous species by Thompson et al (1997). We also 
found significant negative correlations between total carbo­
nate contents of soils and Fe or Mn contents in mature leaves 
(r = -0.657, P <  0.05 and r = -0.846, P  < 0.01. respectively), 
and Mn (r = -0.724, P < 0.05) in young leaves. On the other 
hand, the organic matter and CEC of the ten soils studied 
was not correlated with micronurient accumulation in leaves 
of D. obscura
Micronutrients in soil and plants were not significantly corre­
lated when the total content ot micronutrients in soil was con­
siderad This confirms Ihat the total content of micronutrients 
in soil cannot be used for predicting their bioavailability [Bnm  
et al., 1998). In contrast. significant positiva correlations were 
found between extractable Mn and Fe contents and Mn con­
centraron in young (r = 0.450, P  < 0,01 and r = 0.457, 
P <  0.01, respectively) or mature leaves (r = 0 493, P <  0.01 
and r = 0.588, P < 0.01, respectively); other significant posi- 
tive relationships were M n ^ ^ iF e ^ ,  (r = 0.367, P  < 0.05) 
and Fe,EDTA,:Znieai (r = 0.522, P  < 0.01) in young and mature 
leaves, respectively. These results, beside the absence of 
significant negative correlations. indícate that micronutrients 
did not ¡nteract antagonistically during plant uptake
After all, our results indícate that pH, carbonates, and avatl- 
able Fe and Mn in soils are major factors affecting leaf micro­
nutrient status ol D. obscura plants growing under distinct 
environmental conditions.
3.3 Relationships between cardenolides and 
micronutrients in plants and soils
Statistically significant correlations were found between the 
leaf content of some micronutrients and cardenolide accumu-
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lation. The correlations were inverse for Zn (r = -0.499, 
P  < 0.01) and Mn (r = -0.333 . P  < 0.05) in young and malure 
leaves, respectively. We have no plausible explanations for 
the possible effect of Zn on cardenolide production. and the 
role of Mn is controversial Manganeso can stimulate some 
steps in the isoprenoid biosynthetic System ( Wilkinson and 
Ohki. 1988) This could explain a possible effect of Mn on car* 
denolide biosynthesis. supporting findings of previous works 
with Digitalis where it was observed that high contents of Mn 
in plants and soils (Gnnkevich  and Sorokina. 1983) or foliar 
application of Mn (Letchamo. 1986) increased cardenolide 
production However. this contrasts wilh our presenl results 
and those reported by Hagimori et al (1983) or Gavidia and 
Perez-Bermúdez (1997), since varying Mn concentrations did 
not significantly affect cardenolide biosynthesis in cultures of 
D purpurea and D obscura, respectively
In contrast to 2n and Mn, Fe showed a positiva correlation 
with cardenolides in young leaves (r = 0.391, P  < 0.05). As 
far as we know. only one work has been reported with regard 
to possible implications of Fe on natural product accumula­
tion. Li and Mazza (1999) reported that the accumulation of 
ginsenosides (triterpenoids like cardenolides) in roots of 
Panax qumquefolium  is positively correlated with the leaf Fe 
content The physiologtcal ¡nterprelation of our result is based 
on the role of Fe in the formation of chlorophytl and chloro- 
plasts and the presumed involvement of this organelle in car­
denolide biosynthesis {Berggren and Ohlsson. 1991). In this 
respect, different studies with Digitalis spp, have suggested 
that chlorophytl accumulation and production of cardenolides 
are positively correlated (Luckner et al.. 1981: Lapeña et al.. 
1992). Such a direct correlation has been questioned since 
cardenolide formation also occurred in dark-grown cultures 
(EisenbeiB et al.. 1999) However, it Is noteworthy that the 
biosynthetic rafes in this experiment were considerably lower 
than in shoots grown under light,
We also studied the possible relationships between soil char- 
acteristics and cardenolides. The production of these meta- 
bolites was not affecled by the soil properties investigated, 
since we did not find any significant relalionship between 
organic matter content, pH, carbonate content, or soil micro­
nutrients (total or EDTA-extractable concentrations) and car­
denolide accumulation. In a preliminary work. we reported a 
significan! relationship between total Cu In soil and carde­
nolides IRoca-Perez el al., 2002). which was not found in the 
presenl investigaron. Nevertheless. we consider that the pre- 
sent result reftects more accurately such relationship. since it 
anses from the seasonal study of ten populations. while the 
former study was conducted on four populations with only 
one sampling date.
In conclusión, D. obscura is able to grow in dislinct soil types 
under different cllmatic conditions. which affect not only the 
development of the plants but also their capaoty to produce 
cardenolides. We have observed that O. obscura micronutri­
ent content is affected by pH. carbonates, and available Fe 
and Mn in the soils studied. Moreover. although plant produc­
tivity is not significantly related with soil characteristics and 
type. cardenolide accumulation is influenced by thermic con­
ditions, leaf concentration of some micronutrients, and
genetic factors of the plant populations (Gavidia et al., 1996; 
Nebauer et al.. 1999). Other factors. such as light mtensity, 
population density and biomass, and macronutrients in soil 
and plant, may also be responsible for the drastic differences 
found among cardenolide content of the populations studied
A cknow ledgm ents
We thank Dr. C. Antolin  for field assistance and Y. hiervas for 
her technical support. This research was supported by the 
Generalitat Valenciana (Project GV-D-RN-12-147-96) and 
with a research grant to L. R P. withm the project GV- 
CAPA00-03.
R eferences
Berggren. 8  , and A B Ohlsson (1991): Ultrasimcture ot Digitalis 
tonara tissue cultures, effect of gibberetlic acid and SAN 9789 
Protoptasma 161, 58- 69
Boluda. R (1988): Estudio de los suelos de la comarca La Plana de 
Requena-Utiel (Valencia) Ph D Thesis, Universitai de Valencia, 
Spain.
Borralho da Grapa. J A  (1967) Aspectos morfológico farmacodi- 
rtamico e químico de exemplares portugueses de Digitalis thapsi L. 
Boletín da Escola Superior de Farmacia IX. Universidade de 
Lisboa
Bnm. L. A.. J. Maillet. J Rtchade. P Herrmann. and J. C Remy 
(1998) Relationships between extractable copper. soil properties 
and copper uptake by wild plants m vmeyard sotls. Envtron Potlut. 
102, 151-161.
Chen. M.. L. Q Ma. and IV G. Harns (1999): Baseline concentrations 
ol 15 trace elements m Florida surtace soils. J. Environ. QuaL 28, 
1173-1181.
Corchete. M P.. M  A. Jiménez. M. Morán, M. Cacho, and 
J Femández-Tárrago (1991): Etfecl ot calcrum. manganeso and 
lithium on growth and cardenolide content m cell suspensión 
cultures of Digitalis thapsi L Plan! Cell Rep 10, 394-396
EisenbeiB, M.. W Kreis. and E. Romhard (1999): Cardenolide 
brosynthesis in light- and dark-grown Digitalis tanata shool 
cultures Plant Physrol Biochem. 37, 13-23.
FAO (1998): World Reference Base for Soil Resources. FAO. ISRIC 
and ISSS Rome.
Gavidia. i .  and P. Pérez-Bermudez (1997): Cardenolides ot Digitalis 
obscura The effect of phosphate and manganese on growth and 
productivity of shoot-tip cultures. Phytochemistry 45. 81-85.
Gavidia, i .  L  Del Castillo Agudo, and P. Pérez-Bermudez (1996): 
Selection and long-term cultures of high-yieldmg Digitalis obscura 
plants RAPO markers for analysis of genetic stability Plant Sci. 
121, 197-205
Gnnkevich, N. I . and A A Sorokina (1983) The role ol geophysrcal 
environmental factors in producmg biologically active compounds 
Oí plants. in Kovalskn, V V., and I E Vorolnítkaya (eds ): Biotogical 
Role of Microelements. Nauka. Moscow. p 187-192
Hagimori. M.. T Matsumoto. and Y. Obi (1983): Etfects of mineral 
salts. inrtral pH and precursors on digrioxin formation by shoot- 
forming cultures of Digitalis purpurea grown m liquíd media Agrie. 
Biol. Chem. 47. 565 571
Lapeiia. L . P Pérez-Bermúdez. and J Segura (1992) Factors 
affecting shool prolrferation and vitrificalion m Digitalis obscura 
cultures. In Vítro Cell. Dev Brot. 28P. 121-124.
2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
73
Capítulo I
84 Roca-Pérez. Boluda. and Pérez-Bermúdez
Letchamo. W. (1986) Effect ol trace elements manganeso and 
molybdenum on the leaf yield and contení of cardiac glycosides 
m foxglove. Digitalis grandiflora Mili Ada Horticulturae 188
215-221.
ü. T. S C.. and G Mazza (1999) Correlations between leal and soil 
mineral concentrations and ginsenostoe contents m Amencan 
Ginseng. HortScience 34. 85-87.
Luckner. M . B Dietincd. Ch. Kuberskt. and C. SchwieDode (1981): 
Vanation in the cardenolide content of embryogemc dumps from 
suspensión cultures of Digitalis ¡anata Planta Med. 42. 104
Nebauer, S. G.. L. De! Castillo-Agudo, and J Segura (1999): Carde- 
nolidc vanation within and among natural populations of Digitalis 
obscura. J Plant Physiol. 154. 426-430.
Ohlsson, A., and T J Berglund (1989) Effects of high MnS04 levels 
on cardenolide accumulation by Digitalis lanata tissue cultures in 
light and darkness. J Plant Physiol 135. 505-507
Rapp. M , I Santa Regina. M. Rico, and H A. Gallego (1999). 
Biomass. nutrient content. Iitterfall and nutrient retum to the soil in 
Mediterranean oak forest ForestEcol Manage. 119,39-49
J. Ptant Nutr Soil Sci. 2004, 167. 79 -84
Roca-Perez. L . P. Perez-Bermúdez and R. Boluda (2002): Soil 
characteristics. mineral nutnents. biomass and cardenolide 
production n  Dígita lis obscura wild populations J Plant Nutr 25. 
2015-2026.
Saatgi. N . and 0  Va Mur (2000): Relationships between the con­
centrations ot iron, macro and micronutnents m Satsuma 
mandarme leaves {Citrus reticulala Blanco). J. Plant Nutr, 23. 
1745-1750
Specht. R. L . and E. J. Molí (1983): Medilerranean-Type £co- 
systems The role of Nutrients. Spnnger-Verlag. Bertm
Tames. C. (1949): Bosquejo del clima de España según la clasifi­
cación de C W Thornthwalte. INIA 9. 49-124.
Thompson. K . J. A. ParKinson. S. T. Banú. and R. E. Spencer 
(1997) A comparativo study of leaf nutrient concentrations in a 
regional hertmceous flora New Phytof 136 679-689
WHkmson R. E and K Ohki (1988): Influence of manganese defi- 
ciency and toxierty on rsoprenoid syntheses. Plant Physiol. 87. 
841-846.
£  2004 WILEY-VCH Verfag GmbH & Co. KGaA, Wemheím
74
Capítulo I
4.3. Soil-plant relationships in natural populations o í D ig ita lis  
obscura : macronutrient contents and cardenolide production 
(Relaciones sueio-pianta en poblaciones naturales de 
Digita lis obscura: contenido en m acronutrientes y  
producción de cardenólidos)
Luis Roca-Pérez, Pedro Pérez-Bermúdez, Isabel Gavidia, Rafael Boluda
Journal of Plant Nutrition and Soil Science (Enviado)
75
Capítulo I
76
Capítulo I
Summary
In the present study, we have investigated the relationships among Chemical properties and 
macronutrients in soils, and leaf macronutrients and cardenolides of wild Digitalis obscura 
plants. Young and mature leaves and soil samples were collected in ten different areas, 
corresponding to three Mediterranean bioclimatic-belts (thermo-, meso- and 
supramediterranean belts). The biomass of the plant populations showed marked differences 
among the bioclimatic belts. Soil and leaf macronutrient (N, P, K, Ca and Mg) contents and 
cardenolide accumulation were determined. Significant correlations were observed between 
the K concentration in leaf and soil pH, as well as between Ca in leaf and carbonate content, 
electrical conductivity, or the catión exchange capacity of the soils. Only total and EDTA- 
extracted Mg in soil was highly correlated with its content in the plants. Our results suggest 
that the leaf macronutrient concentrations of D. obscura are weakly dependent on the pH 
and macronutrient contents of the soils. Leaf cardenolide contents were negatively 
correlated with the leaf content of N, P and K, whereas such correlations were positive for 
Mg and Ca.
Zusammenfassung
In dieser Studie wurde bei Wildtypen von Digitalis obscura der Einfluss bodenchemischer 
Eigenschaften und von Makronáhrstoffen in Bóden auf Makronáhrstoffe in den Bláttern und 
Cardenolidgehalte in den Pflanzen untersucht. Verwendet wurden Proben von jungen und 
reifen Bláttern sowie Bodenproben aus zehn verschiedenen Populationen in drei 
bioklimatischen Zonen (Thermo-, Meso- und Supramittelmeergebiet). Die Biomasse der
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Pflanzenpopulationen wies signifikante Unterschiede in den verschiedenen bioklimatischen 
Zonen auf. Bestimmt wurden die Makronáhrstoff- (N, P, K, Ca und Mg) und die 
Cardenolidgehalte in den Bóden und Bláttern. Festgestellt wurden signifikate Beziehungen 
zwischen den K-Gehalten in Bláttern und dem pH des Bodens, sowie zwischen Ca in 
Bláttern und dem Karbonatgehalt, der elektrischen Leitfáhigkeit oder der Wechselfáhigkeit 
von Kation in den Bóden. Nur Gesamt- oder EDTA-extrahiertes-Mg im Boden wies eine 
signifikate Beziehung mit dem Gehalt desselben in Pflanzen auf. Die Resultate deuten 
darauf hin, dass die Makronáhrstoffgehalte in Bláttern von Digitalis obscura Pflanzen in 
geringem Mass von dem pH und Makronáhrstoffgehalten in den Bóden abhángen. 
Cardenolidgehalte in Bláttern wiesen eine negative Beziehung mit N, P und K -Gehalten in 
Bláttern auf, eine positive Beziehung jedoch bei Mg und Ca.
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1 Introduction
Plant secondary metabolism is the origin of many distinct compounds that constitute the 
Chemical defence of plants against diseases and herbivores. However, they are also 
Chemicals of commercial importance, such as flavours, fragrances, medicines, etc. 
Variations in the levels of these phytochemicals are the result of interactions among plant 
factors, such as genotype and degree of differentiation, and numerous environmental 
conditions (i.e. water, light, temperature, nutrients, etc).
The present work deais with Digitalis obscura L., a perennial bush with a wide distribution in 
basophilic shrubland in Spain. The Digitalis species characteristically produce cardenolides, 
triterpenes with a steroid genin as a basic skeleton. In the plant, these secondary 
metabolites are in volved in defence against herbivore feeding, and therapeutically these 
producís are widely used as inotropic drugs in the treatment of heart failure. Since these 
drugs are exclusively obtained from the leaves of Digitalis plants, ¡t is of great interest to 
expand the knowledge about the various factors affecting cardenolide biosynthesis.
We have recently described the relationships among soil characteristics, soil/plant 
micronutrient and cardenolides in D. obscura natural communities (Roca-Pérez et al., 
2004a). With regard to this subject, we have also observed that cardenolide production by 
wild D. obscura plants is partly under genetic control, and that it is also affected by plant 
biomass, light and thermic conditions, as well as by several nutrient elements (Gavidia et al., 
1996; Roca-Pérez et al., 2002; Roca-Pérez et al., 2004a, b). Here we present additional
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information concerning soil-plant relationships in natural populations of Digitalis: obscura, 
where the principal aims of this study are: (i) to analyse macronutrients in soils and plants 
from wild communities, (ii) to establish the relationships between soil characteristics and 
macronutrients in the plant leaf, and (¡ii) to determine the possible correlations bettween soil 
or plant macronutrients and biosynthesis of cardiac glycosides.
2 Materials and Methods
2.1 Sampling and analyses
The sampling took place in May, July, October 2000 and February 2001 from ten populations 
of Digitalis obscura L. (Scrophulariaceae) located in the Valencian Community. These ten 
populations are distributed in three bioclimatic belts (thermo-, meso- or supramediterranean). 
The studied communities can be classified within a range of low to modérate fertility with 
soils showing different degrees of evolution. The different stand characteristics and physical 
and Chemical properties of the soils studied are given in Roca-Pérez et al. (2004a).
Ten plants were selected within each population and sample date. Each plant sample 
consisted of 40 young leaves (the first four underneath the apical bud) or 40 mature leaves 
(the first four above the clearly senescent leaves) collected separately. Sample pre- 
treatment, analyses of macronutrients (three replicates per sample) and determination of
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biomass were carried out according to Roca-Pérez et al. (2002). Cardenolide analyses (four 
replicates per sample) were performed as described by Roca-Pérez et al. (2004b).
For each location and date of sampling, soil samples (0-20 cm) were collected at a distance 
of 25 cm from selected plants in order to not disturb the plant root system. The ten samples 
of each population were mixed, air-dried and ground to pass through a 2 mm sieve. Total N, 
available P and nutrients extracted with EDTA were performed as previously reported (Roca- 
Pérez et al., 2002). Soil samples were also digested with acid mixtures (Roca-Pérez et al., 
2004a). In both treatments, K, Ca and Mg concentrations were determined by fíame Atomic 
Absorption Spectrophotometry. Three replicates were performed per sample.
The soils of these populations are mainly basic, and they present a normal to high contení of 
total carbonates. The only exception to this pattern is the soil from Sinarcas, which is 
characterised by a slightly acid pH and by the absence of carbonates. With regard to CEC, 
all populations have normal valúes (12-29 cmol kg'1) (Roca-Pérez et al., 2004a).
2.2 Statistical analysis
All variables analyzed were first tested for data normality by using the Shapiro-Wilk’s test. 
Pearson’s and Spearmen’s correlations were used to test the possible relationships between 
the parameters studied. One-way ANOVA and post hoc comparisons were employed 
whenever appropriate. All analyses were undertaken with the SPSS 9.0 program.
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3 Results and Discussion
3.1 Soil and plant macronutrient concentrations and biomass of D. obscura 
populations
Total and extractable concentrations of macronutrients in soils are shown in Tab. 1. Nitrogen 
and available phosphorus contents were generally low in all populations studied, although 
the valúes did not markedly differ from those previously reported for these elements in 
similar soils groups of the Valencian Community (GV-CAMA 1995, 97). The higher valué of 
N, found in the samples from Valí d’Alcalá-1, is due to the higher organic matter content in 
the soil of this population (Roca-Pérez et al., 2004a)
The slightly acidic soil of Sinarcas presented a very low calcium level (5 mg g"1) in 
comparison with the rest of soil studied (88-226 mg g'1); moreover, this soil is also 
characterised by a relatively high total K content with respect to the concentrations of the 
other macronutrients (Tab. 1), which could be explained by taking the high content in iiiitic 
clay of the soils from this location into consideraron (Boluda et al., 1989). Our data also 
show that the analysed soils presented a high interpopulation variability in their 
macronutrient contents, where Mg is the element with higher coefficients of variation in both 
total and EDTA-extractable concentrations (Tab. 1).
“((Table 1))”
82
Capítulo 1
In comparison with the high variability observed in soils, D. obscura plants were quite 
uniform in their macronutrient contents (Tab. 2), and leaf data showed smaller coefficients of 
variation than the soil valúes did. The macronutrient contents found in the D. obscura leaves 
ranged within the patterns of variation reported for several woody plants (genus Cistus, 
Erica, Lavandula, Rosmarinus, etc ), these being also typical of the Mediterranean shrubland 
(Trabaud, 2001). In young leaves of D. obscura, the macronutrient with the highest mean 
concentration in the different communities was N followed by K>Ca>Mg>P, whereas Ca was 
the most abundant macroelement, followed by N>K>Mg>P, in mature leaves.
“((Table 2))”
In a preliminary work (Roca-Pérez et al., 2002) we obtained an allometric equation to 
determine the biomass of D. obscura plants, which has now been applied to the ten natural 
populations analysed in the present study. Biomass was determined in July when plant 
development is maximal in all populations. Our results (Tab. 3) corrobórate those reported in 
our previous study, and they confirm that environmental conditions may cause significant 
variations in the development of this plant species. Thus, the low biomass of the plants 
growing under extreme climatic conditions of supramediterranean regions is noticeable, 
whereas on the contrary, well-developed specimens are found in the populations growing in 
the thermo- and mesomediterranean bioclimatic belts (Tab. 3).
“((Table 3))”
Climatic conditions not only influence D. obscura development, but they are also key factors 
for cardenolide production, since the plants abilities to grow and biosynthesise these 
metabolites have been found to be positively correlated (Roca-Pérez et al., 2004b). 
Nevertheless, this fact cannot be related with the macronutrient status of the plants since the
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bioclimatic conditions did not exert any significant influence on the macronutrient content of 
this plant species (data not shown).
3.2 Relationships between soil characteristics and leaf macronutrient contents
A comparison between the macronutrient valúes in soil (Tab. 1) and plant (Tab. 2) showed 
that the lowest and highest Mg contents in leaf clearly coincide with the mínimum and 
máximum valúes of extractable Mg in soils. Also, the máximum valúes of Ca coincided in soil 
and plant. This fact could suggest that Mg and Ca contents in leaves are related with their 
valúes in soil, but the correlation analysis performed did not show any significant 
relationships except for Mg, which is the macroelement with the highest coefficients of 
variation in both soil and plant (Tabs. 1 and 2). Significant positive correlations were found 
between Mg in soil and Mg concentrations in young (r=0.746, P<0.01; n=40) or mature 
leaves (r=0.705, P<0.01; n=40).
On the other hand, no significant correlations have been found between the available P in 
soils and the contents of this element in D. obscura plants. This fact could be partly due to 
differences in root colonization by mycorrhizas, which have a high contribution to P delivery 
and often lead to poor correlation results (see Marschner, 1995).
Statistical analyses of our data indícate that soil characteristics poorly influence the 
macronutrient content of the D. obscura leaves, since only K and Ca are affected by some 
soil properties. An analysis between soil pH and leaf macronutrient contents showed only
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one significant correlation, which was negative for K in young leaves (r=0.636, P<0.05; 
n=10). This result is in accordance with those reported for crops growing in different types of 
soils (Bartnik, 1978), but it differs from the results of Meerts (1997) who found positive 
correlations between K concentrations in graminoids and the pH of forest soils. The lack of 
statistical significance for the rest of macronutrients, especially Mg, and soil pH could be 
explained by an antagonistic effect of Ca (Meerts, 1997), a macroelement that is present at 
very high concentrations in most of the soils of our populations (Tab. 1).
With regard to Ca, the leaf content of this macroelement was significantly associated with 
carbonates (r=0.673, P<0.05; n=10), electrical conductivity (r=0.784, P<0.01; n=10) and 
CEC (r=0.709, P<0.05; n=10). This last relationship can be explained by taking into 
consideraron that Ca is the major catión in the soils studied.
Having discussed all the aforementioned results, along with those we ourselves found for 
micronutrients in D. obscura populations (Roca-Pérez et al., 2004a), it is confirmed that this 
species has adapted to grow in different natural field sites characterised by varying soil 
properties and nutrient availabilities. Nevertheless, neither these factors ñor the bioclimatic 
conditions where D. obscura communities grow have a considerable influence on the 
nutrient status of this plant species.
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3.3 Relationships between cardenolides and macronutrients in soil and plant
In the present study we have analysed the possible relationships between soil or plant 
macronutrient contents and cardiac glycoside accumulation in leaf. All data concerning 
cardenolide production by D. obscura plants have been recently published (Roca-Pérez et 
al., 2004b). On the basis of these data, no relevant relationships were found between N, P, K 
or Ca in soil and cardenolides, and only Mg concentration in soil (total and EDTA- 
extractable) showed positive significant correlations with D. obscura cardenolide production 
(Tab. 4). As far as we know, only one work has actually related cardenolide accumulation 
with the content of macronutrients in soils (Kosinski, 1996), wherein it was found that high 
soil concentrations of P, K and Mg were related with higher cardenolide contents in 
Convallaria majalis plants.
With regard to the relationships between the accumulation of macronutrients and 
cardenolides in leaves (Tab. 4), they were inverse for N, P and K in young leaves, whereas 
the correlations were positive for Ca (young leaves) and Mg (young and mature leaves).
“((Table 4))”
Recent works have reported inverse significant relationships between foliar N content and 
the accumulation of different secondary metabolites in plants (Comelissen and Fernandes, 
2001; Covelo and Gallardo, 2001; Castells et al., 2002). In the particular case of 
cardenolides, Hugentobler and Renwick (1995) found that low nitrogen treatments caused 
an increase in cardenolide concentrations in Erysimum cheiranthoides plants. These results 
are in accordance with our data, to support the existence of negative relationships between 
N and the production of secondary metabolites, and more specifically of cardenolides.
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With regard to the relationships between P and Digitalis cardenolides, in vitro studies with D. 
obscura (Gavidia and Pérez-Bermúdez, 1997) and D. thapsi (Corchete et al., 1990) failed to 
show clear variations in the cardenolide yield when the culture media were supplemented 
with varying P concentrations, whereas raised P concentrations favoured the accumulation 
of these natural products in cultures of D. purpurea (Hagimori et al., 1982). In contrast, it has 
been reported that a low P availability provoked an increased productivity of different 
secondary metabolites in in vitro culture studies (Vazquez-Flota, et al., 1994) and under 
greenhouse conditions (Chishaki and Horiguchi, 1997). These last results are supported by 
the negative correlations between P and cardenolide contents found in the present study, 
which can be explained on the basis of an antagonistic regulation of primary and secondary 
metabolism (Endress, 1994).
Our results support that Mg is the only macroelement positively correlated with cardenolide 
yield of young and mature leaves (Tab. 4). The interpretation of this positive interaction 
would be based on the well-known involvement of Mg in chloroplast activity and the reported 
participation of this organelle in cardenolide biosynthesis (Berggren and Ohlsson, 1991). 
Moreover, it is known that Mg is essential for the function of many cellular enzymes and, 
particularly, the participation of this element in the mechanism of terpene cyclases has been 
reported, enzymes that control the synthesis of cyclic terpenoids including fragrances, plant 
defence Chemicals and steroids (Starks et al., 1997).
At any rate, our results indícate that the enhancement of the NPK content in young leaves of 
D. obscura leads to a decrease in the biosynthetic rate of cardenolides, unlike Ca and Mg 
that favour the accumulation of these secondary metabolites. Nevertheless, the results of the
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correlation analyses must be explained carefully as they may be modulated by distinct 
factors. Thus, our correlation analyses have been performed with data from four different 
seasonal periods, which implies that the developmental stage and the nutrient content of the 
leaves, as well as the cardenolide biosynthetic rate of the plants, have changed throughout 
the year. Seasonal contents of macronutrients and cardenolides of young and mature leaves 
are summarised in Tab. 5. During Spring when the growth rate of the plant becomes 
maximal and it demands large amounts of carbón, the macronutrients, particularly N and P 
required for proteins and RNA, markedly increase in the young leaves; these immature 
leaves have a reduced capacity to biosynthesize cardenolides and the content of these 
metabolites is low (Tab. 5). With both the higher photosynthetic rates and lower plant 
development rates in Summer, most of the carbón is funnelled to the secondary metabolism. 
At this time, in the completely developed leaves, the NPK valúes are lower than in Spring 
due to both the retranslocation caused by the high phloem mobility of these macronutrients 
and the dilution effect of increased amounts of structural leaf compounds (Tab. 5). On the 
contrary however, as Ca does not move, it increases, whereas Mg concentrations in young 
and mature leaves remain unchanged (Tab. 5). In mature leaves, however, no significant 
correlations were found between N, P, K or Ca and cardenolides (Tab. 4).
The carbón allocation to primary or secondary metabolism above described is in agreement 
with the growth-differentiation balance hypothesis as proposed by Herms and Mattson 
(1992), who postulated that the synthesis of carbon-rich secondary metabolites is dependent 
on the availability of photosynthates.
“((Table 5))”
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Finally, the nutritional status of D. obscura plants is not influenced by the bioclimatic 
conditions or the type of soil, and only some soil properties and soil Mg content have been 
found to be correlated with the macronutrient contents in the plants. Seasonal changes in 
development, nutrients, photosynthates, and cardenolides lead to most of the significant, 
positive or negative, correlations between macronutrients and cardenolide contents found in 
our study. Cardenolide production by this species is basically dependent on genetic factors 
of the plant populations and on bioclimatic conditions (Roca-Pérez et al., 2004b), but more 
information conceming the possible role of Mg in the biosynthesis of cardiac glycosides is 
necessary to determine whether this metal is directly linked to the metabolic machinery, as 
happens in the synthesis of other terpenoids.
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Table 1. Macronutrient contents (total and EDTA-extractable) and available P in soils under 
natural populations of Digitalis obscura (dry-weight).
Population N (%) K (mg g'1) Ca (mg g'1) Mg (mg g'1) P20 5 mg (100 g'1)
Total EDTA Total EDTA Total EDTA
Ayora 0.060±0.008 5.311.1 0.2210.02 165124 8.811.4 36.215.4 0.3310.08 0.4410.25
Camporrobles 0.156±0.035 3.010.5 0.1210.01 226113 8.911.3 37.213.0 0.1510.01 1.4810.35
Garbí 0.093±0.022 11.311.3 0.1910.04 1521127 9.410.5 39.115.4 0.2310.02 0.9210.27
Llanorel 0.135±0.018 4.010.5 0.1710.02 127141 8.911.3 2.510.4 0.0610.01 1.3810.61
Olocau 0.154±0.019 16.212.4 0.2810.03 8915 9.110.7 21.011.3 0.2510.03 0.3910.15
Sinarcas 0.083±0.019 6.111.3 0.2710.03 511 1.310.4 1.610.3 0.1810.03 0.3110.06
Toro 0.182±0.030 7.011.4 0.2410.02 8818 10.310.5 4.210.2 0.0510.01 1.1510.33
Tuéjar 0.098±0.028 7.211.2 0.2410.02 17818 9.910.4 18.211.2 0.2310.03 1.2910.70
Valí d'Alcalá 1 0.232±0.026 5.010.3 0.1810.03 168113 10.010.2 5.910.4 0.1610.05 1.7610.10
Valí d'Alcalá 2 0.132±0.054 4.510.4 0.1710.06 20818 9.511.9 5.810.4 0.1310.03 1.4310.03
C.V.(a) 39 57 23 40 29 90 46 49
(a) C.V., coefficient of variation (%)
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Table 2. Macronutrient contents (% dry weight) in leaves of Digitalis obscura.
Leaf type Population N P K Ca Mg
Young Ayora 1.39±0.53 0.16+0.09 1.00+0.39 0.77+0.18 0.36+0.07
Camporrobles 1.20±0.51 0.14+0.09 0.98+0.32 0.93+0.28 0.21+0.01
Garbí 1.60±1.24 0.13+0.10 1.12+0.37 0.73+0.15 0.21+0.03
Llanorel 1.68±0.78 0.18+0.10 1.31+0.74 0.78+0.09 0.14+0.02
Olocau 1.41±0.50 0.15+0.07 1.16+0.35 0.84+0.12 0.22+0.03
Sinarcas 1.44±0.25 0.13+0.06 1.12+0.20 0.76+0.32 0.22+0.03
Toro 1.41±0.56 0.18+0.13 0.98+0.52 0.90+0.21 0.17+0.02
Tuéjar 1.41+0.49 0.14+0.08 1.05+0.25 0.89+0.27 0.19+0.01
Valí d'Alcalá 1 2.07±1.46 0.18+0.12 1.33+0.36 0.91+0.20 0.21+0.02
Valí d'Alcalá 2 1.75±0.96 0.18+0.13 1.17+0.39 0.96+0.37 0.20+0.02
C.V. (a) 22 14 19 10 27
Mature Ayora 1.02±0.17 0.10+0.01 0.78+0.26 1.16+0.36 0.44+0.07
Camporrobles 0.99±0.70 0.11+0.02 0.84+0.22 1.31+0.20 0.25+0.04
Garbí 0.94+0.07 0.08+0.02 1.00+0.15 1.21+0.28 0.27+0.03
Llanorel 1.09±0.18 0.07+0.03 1.06+0.16 1.25+0.17 0.15+0.02
Olocau 0.98+0.23 0.09+0.02 0.92+0.22 1.19+0.22 0.26+0.04
Sinarcas 1.04+0.21 0.08+0.01 1.07+0.09 1.16+0.21 0.29+0.05
Toro 1.14+0.21 0.11+0.03 0.69+0.21 1.25+0.30 0.17+0.05
Tuéjar 1.11+0.14 0.10+0.03 0.99+0.17 1.19+0.07 0.22+0.01
Valí d'Alcalá 1 1.06+0.19 0.10+0.01 1.00+0.18 1.26+0.26 0.21+0.04
Valí d'Alcalá 2 1.14+0.12 0.12+0.02 1.01+0.06 1.34+0.30 0.24+0.04
C.V. (a) 7 16 16 6 32
(a) C.V., coefficient of variation (%)
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Table 3. Mean plant biomass (g dry weight (plant)'1) of Digitalis obscura populations located
in different bioclimatic belts. Plant biomass was determined in July.
Bioclimatic belt Population
Mean±SD/
population
(n=20)
Mean+SD/ 
bioclimatic belt
Supramediterranean Camporrobles 12 + 2 10 ± 2
Sinarcas 8 + 2
Toro 10 ± 4
Mesomediterranean Ayora 48 ± 2 38 ± 1 5
Tuéjar 27 ± 2
Thermomediterranean Olocau 23 ± 4 33 ± 1 3
Garbí 37 ± 3
Llanorel 53 + 3
Valí d'Alcalá-1 34 + 2
Valí d'Alcalá-2 20 ± 3
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Table 4. Pearson’s correlation coefficients between Digitalis obscura cardenolides and 
macronutrients in soils or leaves. (n.s.: no significant correlation, *P<0.05, **P<0.01), (n=40).
Sample Macronutrient Cardenolides
Young leaf Mature leaf
Soil Mg (Total) 0.411** 0.387*
Mg (EDTA-extractable) 0.403** 0.393*
Leaf N -0.591** n.s.
P -0.623** n.s.
K -0.597** n.s.
Ca 0.361* n.s.
Mg 0.518** 0.423**
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Table 5. Seasonal variation of cardenolides and macronutrients in leaves of Digitalis obscura.
For each leaf type, valúes with the same letter are not significantly different (P<0.05) according 
to Tul^e/s test, (n=10).
Sampling period Young leaf Mature leaf
Cardenolides (|j.g/g d. wt.) May 460c 1123b
July 1789a 1813a
October 1291b 1219b
February 1326b 1325b
Nitrogen (mg/g) May 24.8a 10.3a
July 11.0b 10.1a
October 12.2b 11.2a
February 14.0b 10.8a
Phosphorous (mg/g) May 2.9a 1.2a
July 1.1 be 0.9bc
October 0.9c 0.8c
February 1.4b 1.0ab
Potassium (mg/g) May 16.3a 9.0a
July 9.2b 9.3a
October 10.1b 10.9a
February 10.4b 9.1a
Calcium (mg/g) May 5.9c 15.2a
July 7.9b 11.2b
October 10.2a 10.9b
February 9.9a 11.5b
Magnesium (mg/g) May 2.1a 2.9a
July 2.0a 2.5a
October 2.3a 2.4a
February 2.1a 2.3a
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5.1. Seasonal variation in nutrient status o í D ig ita lis obscura  
leaves (Variación estacional del estado nu tric iona l en hojas
de D ig ita lis obscura)
Luis Roca-Pérez, Pedro Pérez-Bermúdez, Rafael Boluda
Journal of Plant Nutrition (Enviado)
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ABSTRACT
The seasonal variation of mineral elements and the relationships among these were studied 
in natural populations of Digitalis obscura. Young and mature leaves were collected in ten 
different populations and on four sample dates (May, July, October and February). Leaf 
mineral elements (N, P, K, Ca Mg, Fe, Mn, Zn and Cu) were determined. The highest 
concentrations of N, P and K in young leaf were recorded in May, followed by a decrease in 
the rest of seasons while, in contrast, Ca and Fe showed the lowest concentration in this 
month. Mature leaves showed differential seasonal behaviour. Besides seasonal variations, 
significant fluctuations of N/P and Ca/Mg ratios were observed in young leaves. There were 
strong positive correlations among N, P and K while negative correlations were found 
between Ca and N, P, or K.
KEY WORDS
Digitalis, nutrients, seasonal, correlations, ratios
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INTRODUCTION
The analysis of the nutrient leaf status allows to test the hypotheses involving plant nutrient 
concentration and different factors (climatic, soil nutrient availability, seasonal, leaf age, etc) 
which are associated with the inter- or intraspecific variations observed. Besides individual 
element analyses, the ratios between nutrients are important to study plant communities and 
their responses to environmental changes. In the case of seasonal variations in the plant 
nutrient concentrations and their ratios, several studies have showed that dilution and 
retranslocation are the main factors related with these fluctuations (Thiec et al., 1995; 
Drossopoulos et al., 1996; Vemmos, 1999; Güsewell, 2004).
On the other hand, there are large specific and non specific interactions among plant 
nutrients that in some cases have been able to be characterised by correlation analysis 
between different nutrients (Garten, 1976; Meerts, 1997; Thompson et al., 1997; Trabaud, 
2001; Maier and Chvyl, 2003)
Our work deais with Digitalis obscura L. (Scrophulariaceae), a perennial shrub found in the 
Iberian Península, and the major ¡nterest of which is its capacity for cardiac glycosides 
biosynthesis. Previous works reveal the possible relationships between mineral nutrition and 
cardenolide accumulation in natural plants of this species (Roca-Pérez et al., 2002; Roca-
104
Capítulo 11
Pérez et al., 2004a, b, c), therefore it is necessary to know the variations in the concentration 
of mineral elements since it could affect the production of these secondary metabolites.
On the basis of what has been stated, the objectives of this work were to study seasonal 
variations of mineral nutrients, as well as to determine the relationships between different 
elements in young and mature leaves of D. obscura plants growing in wild populations.
MATERIAL AND METHODS
Sampling and Analyses
Sampling took place throughout the year (in February, May, July, and October) from ten 
natural populations of Digitalis obscura L. located in the Valencian Community (Spain): 
Ayora, Camporrobles, Llanorel, Garbí, Olocau, Sinarcas, Toro, Tuéjar, Valí d’Alcalá-1 and 
Valí d’Alcalá-2. The different stand characteristics, and the physical and Chemical properties 
of the soils under the studied plant populations are provided in Roca-Pérez et al. (2004a).
Ten plants were selected from each population and sample date. Each sample consisted of 
40 young leaves (the first four underneath the apical bud), or of 40 mature leaves (the first
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four above the clearly senescent leaves). These were collected separately. The leaves were 
washed, dried and pulverized. Samples were digested with nitric acid for the nutrient 
analysis. K, Ca, Mg, Fe, Mn, Zn and Cu concentrations were measured by atomic absorption 
spectrometry (Perkin Elmer 2080), P was determined by spectrophotometry, and the N 
content was assessed by the standard Kjeldahl procedure. Accuracy of methods for acid 
digestions of was verified by means of recovery assay using certified reference material from 
the Community Bureau of Reference, CRM 129 Hay Power and CRM 281 Rye Grass. The 
recoveries valúes for the analysed elements were greater than 85 %.
Statistical Analysis
Data were subjected to analyses of variance and means were compared by Tukey*s test . 
We used either the Pearson or Spearman correlation tests to establish relationships between 
mineral nutrients. All analyses were undertaken with the SPSS 9.0 program.
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RESULTS AND DISCUSSION
Seasonal Variations in Nutrient Contents
The results provided in Table 1 show the seasonal variations of macro and micronutrient 
contents determined in D. obscura leaves. The most of macronutrients in the young leaves 
varied markedly among seasons (Table 1). Thus, we observed that the leaves collected in 
May showed significantly higher valúes of N, P and K than those of the rest of seasons; in 
contrast, Ca concentration was the lowest of the year in this particular month. Mg was the 
only macronutrient that did not present significant seasonal variations in young leaf. In 
general, our data are in accordance with the results reported on different plant species, 
which indicated that the concentration of elements such as N (Vemmos, 1999), P (Thiec et 
al., 1995) and K (Drossopoulos et al., 1996) decreased throughout a seasonal cycle, 
whereas Ca content increased as result of the leaf aging process (Drossopoulos et al., 1996; 
Vemmos, 1999)
With regard to the micronutrients in young leaves, Fe showed significantly lower valúes in 
spring than those observed in the rest of year, Cu and Zn concentrations showed significant 
differences among sampling dates although they did no present a clear seasonal trend, and
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Mn foliar concentration did not undergo substantial changes (Table 1). Our results are 
comparable to those found in olive tree leaves by Fernández-Escobar et al. (1999) who 
reported a pattern for Fe ¡dentical to that in D. obscura and varying seasonal profiles for the 
rest of microelements.
In the case of mature leaf (Table 1), some mineral nutrients showed significant differences 
among sampling dates but seasonal trends were not found, which could be related with 
nutrient imbalances due to retranslocation and to an increased leaching of nutrients since 
these leaves are presenescent organs.
The results obtained suggest that the decrease in the N, P and K percentages between May 
and July is due to an increase in the contents of structural materials (cellular wall) and other 
compounds such as starch, which is caused by the foliar development process that takes 
place throughout spring and early summer. Moreover, the retranslocation of these mobile 
minerals to different sink organs (i.e. flowers and fruits) could also contribute to this 
decrease. This mobilization could be especially justified since the soils where D. obscura 
populations grow present low contents of N and P (Roca-Pérez et al., 2004c). In this sense, 
it is known that species from infertile environments tend to be more proficient at 
retranslocating nutrients than those from fertile environments (Aerts and Chapín, 2000). On 
the other hand, despite the dilution effect, Ca and Fe contents in D. obscura leaves
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increased throughout the seasons due to the low or intermedíate mobility in phloem of these 
elements and the high availability of these minerals in the soils studied (Roca-Pérez et al., 
2004a, c)
Variation in Nutrient Ratios
Out of the possible ratios between the mineral nutrients only the seasonal variations of N/P 
and Ca/Mg are pointed out (Table 2). The seasonal pattern of the N/P ratio showed a 
significant increase of this parameter in October, which along with other processes could be 
related with a higher P retranslocation than that of N. This phenomenon is especially evident 
in young leaves, which have become completely developed from spring to autumn and 
consequently there was no further growth. At this time the P requirements for RNA are 
greatly reduced and nucleic-acid P can, therefore, be mobilized and retranslocated to sink 
organs, leading to higher plant-level N/P ratios (Güsewell, 2004). This ratio has been used 
as diagnostic indicator of nitrogen saturation and/or of the vegetative growth limitation by 
these nutrients, as well as to ¡dentify thresholds of nutrient limitation (Güsewell, 2004). Our 
N/P ratios for the ten populations of D. obscura studied are similar to the average ratios of 
terrestrial plant species (N/P= 10-13/1) at their natural field sites (Garten, 1976; Güsewell, 
2004), therefore the plants studied seemingly did not present a clear limitation for these 
nutrients.
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With regard to Ca/Mg ratio, the significant increase observed in young leaves from May to 
February is due to Ca accumulation associated to leaf maturation. Nevertheless, in most 
populations, the valúes of this ratio in D. obscura leaves (young leaf= 2.1-5.6; mature leaf= 
2.6-8.4) are lower than the Ca/Mg ratio of 7.7 reported for vascular and non vascular plants 
(Garten, 1976). Out of the different D. obscura populations the lowest valué of the Ca/Mg 
ratio was obtained in plants from Ayora where it was 2.1 or 2.6 for young or mature leaf, 
respectively. This fact could be explained considering a possible greater Mg uptake by these 
plants since the soil where this population grows showed the máximum EDTA-extractable 
Mg among all soils studied, and it is well known the lack of selectivity during the Ca and Mg 
uptake and transport by plants (White, 2001).
Correlation Coefficient between Elements
The correlation coefficients between mineral elements in young and mature leaves are 
shown in Table 3. First of all, it is emphasized that young leaves presented a higher 
number of significant correlations than the mature leaves did; this fact could be related 
with a nutritional imbalance in the latter leaf type since these leaves are pre-senescent. 
The máximum correlation coefficient observed in young leaves was obtained between N 
and P, which is comparable to the results reported in previous studies performed with 
several species in natural environments (Meerts, 1997; Thompson et al., 1997). Thus, 
when a species is sampled at different field sites, [N] and [P] are well correlated with each
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other since the same sites tend to be N-and P-rich, and because non-nutritional factors 
(e.g. shade, drought) have similar impacts on [N] and [P] (Güsewell, 2004). The high 
correlation of these elements reflects their cióse association in plant biochemistry, 
particularly protein synthesis (Garten, 1976). On the other hand, Ca and Fe presented 
significant negative correlations with N, P, and K, which corroborates that previously 
outlined in relation with the accumulation process of Ca and Fe and with the 
retranslocation of N, P and K accompanying leaf aging.
Under a general point of view, it has been reported that the significant positive or negative 
correlations found between mineral elements in different plant organs may indícate 
synergistic or antagonistic interactions, respectively, of the nutrients analysed (Maier and 
Chvyl, 2003; Saat?i and Ya Mur, 2000). In this way, our analyses showed no significant 
negative correlations between the micronutrients in D. obscura leaves (Table 3), which 
would lead to the conclusión that there is a lack of antagonisms between the 
microelements determined. This result is supported by the fact that the soils of the ten 
communities studied did not content high concentrations of micronutrients (Roca-Pérez et 
al., 2004a) and therefore the antagonism phenomenon was unable to be provoked under 
the natural conditions of D. obscura populations.
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Table 1. Seasonal variation of nutrients in young and mature D. obscura leaves
Leaf type % (d.w.) mg Kg'1' (d.w.)
N P K Ca Mg Fe Mn Cu Zn
Young May 2.48a 0.29a 1.63a 0.59c 0.21a 50b 24a 9bc 37a
July 1.10b 0.11bc 0.92b 0.79b 0.20a 105a 25a 8c 26b
October 1.22b 0.09c 1.01b 1.02a 0.23a 92a 34a 11b 32ab
February 1.40b 0.14b 1.04b 0.99a 0.21a 82a 31a 14a 38a
Mature May 1.03a 0.12a 0.90a 1.52a 0.29a 84b 47a 9b 52a
July 1.01a 0.09bc 0.93a 1.12b 0.25a 172a 35a 9b 38a
October 1.12a 0.08c 1.09a 1.09b 0.24a 111b 36a 11ab 40a
February 1.08a 0.1 Oab 0.91a 1.15b 0.23a 110b 36a 13a 46a
For each leaf type and mineral element, valúes with the same letter represent a non- 
significant difference according to Tukey’s test (p<0.05). Data are the means of the ten 
populations studied.
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Table 2. Seasonal variation of N/P and Ca/Mg ratios in young and mature D. obscura leaves
Ratio Leaf type May July October February
N/P Young 8.38b 9.91b 13.34a 10.60b
Mature 8.70b 11.49ab 14.20a 12.11ab
Ca/Mg Young 2.89b 4.10ab 4.83a 5.09a
Mature 5.63a 5.06a 5.24a 5.35a
Valúes with the same letter in each row are not significantly different according to TuRe/s test
(p<0.05). Data are the means of the ten populations studied.
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Table 3. Correlation coefficients between nutrients in young and mature D. obscura leaves
Leaf type N P K Ca Mg Fe Mn Cu
Young P 0.858**
K 0.756** 0.772**
Ca -0.517** -0.644** -0.513**
Mg n.s. n.s. n.s. n.s.
Fe -0.483** -0.638** -0.445** 0.369* n.s.
Mn n.s. n.s. n.s. n.s. n.s. 0.313*
Cu n.s. n.s. n.s. 0.354* n.s. n.s. n.s.
Zn 0.502** 0.465** 0.379* n.s. n.s. n.s. 0.363* 0.375*
Mature P n.s.
K n.s. -0.338*
Ca n.s. -0.493** -0.336*
Mg n.s. n.s. n.s. n.s.
Fe n.s. n.s. n.s. -0.345* n.s.
Mn n.s. n.s. n.s. n.s. n.s. n.s.
Cu n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Zn n.s. n.s. n.s. n.s. n.s. n.s. 0.715** n.s.
*p<0.05; **p<0.01; n.s.: non-significant correlation (n=40)
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5.2. Seasonal cardenolide production and Dop5j5r gene 
expression in natural populations of D igita lis obscura  
(Variación estacional en la producción de cardenólidos y  
expresión del gen Dop5j3r en poblaciones naturales de D igita lis
obscura).
Luis Roca-Pérez, Rafael Boluda; Isabel Gavidia, Pedro Pérez-Bermúdez
Phytochemistry (2004) 65: 1869-1878
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Ahstract
Productivity variations and seasonal fluctuations of cardenolides have beca studied in 10 natural populations of Digitalis obscura 
distributed in three bioclimatic belts. Main cardenolides in D. obscura plants are those of the series A and such predominanoe (ca. 60- 
85%) o ver the series B metabolites is independent of the population studied or tbe degree of maturity of the leaves. Prímary glycosides 
represent ca. 50-60% of total cardenolides; this percentage did not vary among populations or with the leaf age but increased in 
summer and decreased in winter. A correlation analysis between plant biomass and cardenolide conlent showed a positive reía- 
tionship of these parameters, which, according to the bioclimatic distribution of the populations, suggests that certa in environmental 
condiüons may cause marked decreases in plant biomass together with a reduction in productivity. Cardenolide contents changed in 
the timecourse of the four seasons as a múltiple response to distinct plant and/or environmental factors. The lowest production was 
recorded in May, followed by a fast cardenolide accumuiátion in summer, a decreasing phase in autumn, and a stationary phase in 
winter. We siso analysed tbe seasonal expression of the gene encoding the progesterone 5(i-reduciase, enzyme produdng the required 
50-configured intermediarles of cardenolides. A fragment of the isolated partial genomic sequencc was used as a probe for Northern 
analysis to study the seasonal gene expression in selected populations. The expression pattern showed increasing levéis from February 
to July and a further reduction in autumn, although harmful dimatic condiüons seems to induce overexpression of this gene.
O 2004 Elsevier Ltd. All rights reserved.
Kcywords:  D igitalis obscura; Scrophulariaceac; Secondaiy metabolism; Seasonal variability in natural environmem; Cardenolides; DopSfir gene; 
Progesterone Sfl-reductase
1. Introduction
Plants produce a wide variety o f secondary metabo­
lites, which are indispensable for the survival o f plants 
since many o f these natural producto have important 
ecological functions such as resistance against diseases 
and herbivores (Hartmann, 1996). Besides this, plant 
secondary metabolism is the so urce for many fine 
Chemicals o f commercial importance,
One group o f natural producís o f major interest in 
the pharmaceutical industry is cardiac glycosides from  
Digitalis species. Treatment with these compounds is 
still the only safe inotropic drug for oral use that im -
* Corresponding author. Td.: +34 963544929; fax: +34 963544926. 
E-mailaddress: pcdro.pcrcz-bcrmudc7iiuv.cs (P. Pírez-Bermildcz).
0031 -9422/S - see front matter O 2004 Elsevier Ltd. All rights reserved. 
doi: 10.1016/j.phytochem.2004.05.004
proves haemodynamics in patients with compromised 
cardiac function (Schwinger et aL, 2003). Digitalis car­
diac glycosides possess a basic skeleton, a steroid genin, 
namely digitoxigenin (series A ), gitoxigenin (seríes B) or 
digoxigenin (seríes C).
Levéis o f plant carbon-based secondary compounds 
are partly under genetic control and determined in part 
by environmental conditions (Korícbeva et al., 1998); 
therefore, in order to maximise tbe production o f a 
specific natural product, it w ill be necessary to under- 
stand the varíous factors that control and infiuence its 
biosynthesis.
In  the case o f Digitalis plants, previous studies have 
reported that cardenolide biosynthesis is basically de- 
pendent on morphological differentiation (EisenbeiO 
et al., 1999) and genotype (Gavidia et al., 1996; Nebauer
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el al., 1999), although numerous environmental factors 
may determine, in a greater or lesser degrec. plant pro­
ductivity. Thus. it is known the influcnce that mineral 
nutricnis (Gavidia and Pérez-Bermúdez. 1997; Roca- 
Pérez et al., 2004). COj and water stress (Stuhlfauth 
ct al., 1987). and light conditions (Brugidou et al.. 1988) 
exert on cardenolide accumulation. Moreovcr, other 
studics on different cardiac glycoside-producing species 
showed that the production of these compounds seems 
lo be relatcd to plant biomass (Kosinski, 1996) or de- 
tencc responses against damage caused by feeding of 
herbivores (Malcolm and Zalucki, 1996).
Our work deais with Digitalis obscura L., a perennial 
bush with a wide distribución in basophilic shrubland in 
the Iberian Peninsula. The study ineludes plants from 10 
natura! populations, distributed in thrcc bioclimatic 
belts, in order to estimatc the variability o f cardenolide 
production in wild populations, and to study the sea­
sonal fluctuations o f these secondary compounds under 
natural environmental conditions. Besides this, we also 
analysc the seasonal expression o f the gene cncoding the 
progesterone 5()-reducíase. This enzyrae has becn pro- 
posed to have a key function in the cardenolide bio- 
synthetic pathway (Gártner et al., 1990), producing the 
requircd 5{i-configured intermediary producís leading to 
the different genins.
2. Results and discussioa
2.1. Cardenolide analysis and production variability in 
D. obscura wild populations
Qualitative and quantitative HPLC analyses show 
that the cardiac glycosides produced by leaves o f 
D. obscura largcly belong to seríes A and B cardenolides 
(digitoxigenin and gitoxigenin derivativos, rcspectively).
The main metabolitcs in young and mature leaves were 
lanatoside A (38-59%) and digitoxin (31-51%), while 
lanatoside B and gitoxigenin presented lower concen­
trations (3-9%) in all samples. These produets were ac- 
contpanied by very low contents or traces o f different 
glycosides or genins such as evatromonoside. gitoxin, or 
digitoxigenin.
According to these data, it seems clcar that the pre- 
dominanl cardenolides in D. obscura plants (Fig. 1) are 
those of the series A, which is in agreement with previ- 
ous results reported for this species (Lichius, 1991; 
Gavidia and Pérez-Bermúdez. 1997). Our results abo  
demónstrate that the predominance o f  the series A 
cardenolides (ca. 80-85%) over those of the series B is 
independent o f the natural population studied or the 
degree of maturity o f the leaves (Fig. l(a) and (b)). All 
these accumulatcd data on cardenolides from D. obscura 
are in apparent contradiction with those found by 
Ncbauer et al. (1999) who observed metabolic variations 
in this species. namely predominance o f cardenolides of 
the series A or B, depending on the locations where the 
plants were collectcd.
On the other hand, Kreis and May (1990) reported 
that Digitalis cardenolides are accumulated in the 
leaves as primary glycosides. In the present study wc 
have found that primary glycosides represent ca. 50- 
60% of total cardenolides (Fig. 2). O ur results also 
demonstrated that the ratio between primary and sec­
ondary glycosides did not markedly vary among pop­
ulations or with the age of the analysed leaves (Fig. 2(a) 
and (b)). In addition, we have performed correlation 
analyses among the different compounds found in D. 
obscura, detecting only posilive significant relationships 
(data not shown). Such direct correlations rcffect si- 
multaneous variations in the conlent of the different 
cardenolides, and is similar to that found between 
lanatoside C and total cardenolides in Digitalis Ianata
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Fig. 1 Pcrccntagci o f  serie» A  (□> and senes B (■ )  wariienoliOcs in young 4a) and mature ib )  leaves o f  D iyuu lh  oh.u um  planta Trota d iffcrenl natural 
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respectively). In contrast, in a similar experiment with 
this species. Nebaucr et al. (1999) found that cardeno­
lide variations were mainly attributable to single plant 
differences (50.6%), and claimed that such results could 
be relatcd to the similar bioclimatic conditions of the 
samplcd populations.
It is well-known that secondary metabolism activity is 
relatcd to environmental conditions and recent investi- 
galions in wild populations demónstrate it for different 
natural produets (De Santos Galíndez et al., 2000: 
Covelo and Gallardo, 2001). In regard with cardeno­
lides. it has been reported that mild environmental 
conditions, plant population density. and high metabo- 
lite accumulation were positivcly córrelated (Kosinski, 
1996). A similar rclationship (biomass/productivity) was 
suggcsted by ourselves in a previous work on D. obscura 
(Roca-Pérez et al.. 2002). Now. we have performed a 
correlation analysis between plant biomass and car­
denolide production using the data from the ten popu- 
lations evaluated. Biomass was determined in July, when 
plant dcvelopment is maximal (see Roca-Pérez el al 
(2002) for details conccrning the allomctric cquation for 
calculating biomass of D. obscura plants). Our analysis 
showed a positive significant correlation between plant 
biomass (gdry wtiplant) and cardenolide contení 
(pgg 1 dry wt.) in leaves: y =  24.5.r + 1153, where y  is 
cardenolide contení and x is biomass; (r  =  0.718, 
p <  0.05). According to the bioclimatic distríbution of 
the selected D. obscura populations, this result confirms 
that certain environmental conditions, namely those of 
the supramediterranean belt. may cause marked de- 
creases in plant biomass together with a reduction in the 
cardenolide contcnt. On the contrary. well-devclopcd 
spccimens usually presented a higher ability to biosyn- 
thesise these mctabolites. As discussed below, lighl and 
thcrmic conditions seem to be key factors for cardeno­
lide production.
plants at two different stages of growth (Castro Braga 
et al.. 1997).
Total cardenolide contents determined in the popu­
lations studied (Table 1) are within the range previously 
reported for this species by Gavidia et al. (1996). 
Moreover, we have detccted variations in cardenolide 
production among populations. which is o f great ínter­
es! for the sclcction and multiplication of spccimens with 
a higher capacity to biosynthesise cardiac glycosides. 
Thus, the plants from the most produclive population 
(Ayora, with a mean content of 2257 pgg -1 dry wt.) 
presented cardenolide contents significantly higher than 
those from Camporrobles, Olocau and Toro, which 
presented mean valúes lower than 1000 p g g 1 dry wt. 
(Table I). In a preiiminary unpublished study. we 
analysed single plants within populations and estimated 
that the percentagc of variation among populations was 
much higher than that observed within populations and 
rclated to single plant differences (ca. 72% versus 28%,
Table I
Tota l cardenolide contcm stpgg 1 dry w t.) in young and mature leaves 
o f  Digita lis obscura plants from  difieren! populations
Leaf type 
Young Mature
To ta l mean
Ayora 2238 2277 2257a
Camporrobles 842 1085 964b
Garbí 1199 1300 I249ab
Llanorcl 1468 1615 I5 4 la b
Olocau 851 939 895b
Si na reas 1009 1215 1112b
Toro 667 741 704b
Tuéjar 1350 1443 1396ab
Valí d 'A lea lü -1 I33S 1497 1419ab
Valí d Atcalá-2 1290 1517 I403ab
Data are means o f four sampling periods. Valúes fo llowcd by 
the same letler are not significantly difieren! (j> c  0 05) according to 
Tnkev’s I r !
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2.2. Seasonal variations o f cardenolides
Changes in the cardenolide contents of D. obscura 
leaves in the timecourse of the four seasons are dis- 
playcd in Fig. 3. The results presented show a similar 
pattern o f seasonal variation o f total cardenolides in 
young and mature leaves. A comparison of the profiles 
of both types of leaves showed that the lowcst carden­
olide productions were recorded in May. This was fol­
lowcd by a fast cardenolide accumulation phase, and the 
máximum productions were reached in July. Cardeno­
lides decreased past the summer season, this represents a 
decreasing phase eorresponding to the autumn. In win­
ter, during a stationary phase, cardenolides remained 
practically unchangcd with rcspect to the preceding 
sampling period (Fig. 3).
These results are quite similar to those reported by 
Brugidou ct al. (1988) in D. ¡anata plants grown in 
controlled conditions and natural environment. These 
authors found that the variability in cardenolide pro­
duction of D. lanata. expressed as digoxin contents, was 
relatcd with the seasonal variations of light intensity, 
photopenod and thermoperiod.
Recent works have reported seasonal variations of 
distinct secondary metabolitcs such as taxanes from 
Taxus baccata (Veselá et al., 1999). harpagosides in 
Scrophularia scorodonia (De Santos Galíndez et al.. 
2000), or phcnolics from Quercus robur (Covelo and 
Gallardo, 2001) and Betulapubescens (Riipi et al., 2002). 
Increasing and decreasing phases of productivity varied 
with the species studied, but the influence of plant status 
or environmental factors on productivity were not dis- 
cussed in most o f these works.
Young and mature leaves o f  D. obscura showed 
similar cardenolide contents in the different sampling 
dates (Fig. 3). The exception was the very low valué
found in young leaves. that in May presented a car­
denolide content o f 445 pgg -1 dry wt. versus 1139 
pg g " 1 dry wt. of the mature leaves (Fig. 3). This low 
accumulation in young immature leaves, which were still 
growing during springtime, is basically explained oon- 
sidering that cardenolide production increases in paral- 
lel with morphological differentialion and leaf 
m aturation (Weiler and Zenk, 1976; EiscnbciO et al., 
1999).
The marked mcrease observed in July may be a 
múltiple response to distinct plant and/or environmental 
factors. At this time the young leaves were complctely 
developed, reached the same degree of differentialion 
that mature leaves, and consequently the cardenolide 
yiclds o f young and oíd leaves bccame similar (Fig. 3). 
Therefore, this increasing phase seems to be neoessarily 
determined, as discussed above, by the environmental 
conditions typical o f the summer: high temperature and 
light intensity, and extended photoperiod.
Besides this environmental rcgulation, a parallel and 
concomitan! phenomenon may cxplain the high pro­
ductivity observed in the summer. This cxplanatior is 
based on the growth differentialion balance (GDB) ay- 
pothesis as proposed by Herms and M attson (1992) who 
postulated that the synthcsis o f carbon-rich secondary 
metabolites is dependent on the availability of photo- 
synthatcs. The leaves o f D. obscura are low in carde­
nolides in May when the growth rate o f the plant 
becomes maximal and, therefore, demands large 
am ounts o f carbón. In July, with higher photosynthetic 
rates and lower plant development ratcs, most part o f 
carbón is funnelled into secondary metabolism and, 
then, cardenolide biosynthesis and accumulation ai- 
crease. Finally, we suggest that a third factor could be 
involved in this seasonal increase o f cardenolides. It is 
uncertain what adaptative advantage may represent
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cardenolides for Digitalis plants, but it has bccn sug- 
gested the role of interpones against herbívoro fceding 
(Harbomc, 1982; Malcolm and Zalucki. 19%). Thcn, it 
cannot be ruled out that besides constitutive cardeno­
lides an induced cardenolide biosynthesis occurs as a 
defensivo responso against the multitude of insccts in- 
tcracting with D. obscura plants during late spring and 
summer.
Past the summer cardenolides dccrcased, according to 
the rcgulation imposed by the environmental conditions 
of the ncw season, and ftnally the contcnt of these me­
tabolites remained stationary during the winter (Fig. 3). 
In this respeet. Brugidou et al. (1988) pointed out 
photoperíodism and a more accented daily thermoperi- 
odism of late summer and carly autumn as the main 
factors involved in the decrease of digoxin rate in D. 
Ianata plants. Ncverthelcss, the fact that cardenolides 
have been found in different sink organs and move 
around phlocm sap (Vogcl and Luckncr. 1981; Rothc 
et al.. 1999) suggests that catabolism and translocation 
may also provokc a decrease in the leaf cardenolide 
contents during the autumn. For instancc. it has been 
reported that both phenomena, translocation (MacLcod 
and Pridham, 1966) and catabolism (Riipi et al., 2002). 
are involved in the reduction of phcnolics in leaves of 
different species.
We have also tried to determine whether D. obscura 
cardenolides changcd qualitatively in the ttmecourse of 
the four seasons. The perccntages of series A cardeno­
lides and primary glycosides obtained for each scason 
and natura] population are summarised in Table 2. As 
discusscd above. series A cardenolides is the major 
group in D. obscura leaves, independcntly of the popu­
lation studied or the degree of maturíty of the leaves 
(Fig. l(a) and (b)), and results showed in Table 2 extend 
this predominance along the year, since seasonal 
changcs were not found. In the present study we have 
also observed that primary glycosides represent ca. 50- 
60% of total cardenolides and such percentage did not 
markcdly vary among populations or with the age of the 
leaves (Fig. 2(a) and (b>), although we have found that
the ratio between primary and secondary glycosides was 
altered along the year (Table 2). Thus. in all popula­
tions, the percentage of primary glycosides was higher in 
July (67-83%) and May (49-72%) than in October (32- 
54%) and February (23-51%). These results suggest that 
cardenolide glucosylalion or deglucosylation by glu- 
cosyltransferascs or glucohydrolases (Kreis and May. 
1990; EiscnbciÜ et al.. 1999), rcspcctivcly. is affcctcd by 
environmental conditions. The acüvilies of anabolic or 
catabolic cnzymcs could be the signáis for cardenolide 
accumulation in the leaves during spring and summer, as 
primary glycosides in the vacuole. or for cardenolide 
degradalion and transpon during autumn and winter.
2.3. Seasonal expression o f the gene Dop5flr encoding the 
progesterone 50-reductase
We have previously isolated the pSflr gene from 
Digitalis purpurea (Gavidia et al., in preparation). In 
addition, primers based on the scquence of (Dppíflr 
were used to isolatc a partial genomic scquence of this 
gene in D. obscura (Dopifir). This scquence contains onc 
intron and resulted in a ON A fragment of 1278 bp 
corrcsponding to amino-acid 4-392 (Fig. 4), being 
highly similar to the DppSfSr. Their nucleotide scqucnces 
exhibit 97.16% identity and their amino-acid scqucnces 
show a 96.94% identity.
Comparison analysis revealed that the Dop5fir nu­
cleotide sequence present the higher perccntages of 
identity with four plant clones from Arabidopsis ¡habana 
(accession numbers At4g24220 and CAA68126). Popu- 
lus tremtdoides (AA063776) and Oryza saliva 
(BAC20032). Their functions are unknown except for 
the protein from Populus which is presumably involved 
in vascular devclopmcnt.
A HindWMEcoAlX fragment of the DopSfir clone (697 
bp) was used as a probe for Northern analysis in order to 
study the seasonal expression of the gene in plants from 
the populations of Ayora and Toro. These populations 
were sclcclcd since their plants showed the máximum and 
mínimum productivity of cardenolides. Hybridisation
Table 2
Seasonal variations o f series A cardenolides and pnm ary glycosides in leaves o f Dígnate: obicura plant» from 10 natural population»
Series A  cardenolides (%) Primary glycosides (%)
May July October February May July October February
Ayora 88 88 87 81 72 75 44 40
Camporrobles 92 90 81 85 52 80 40 38
Gartrf 84 92 90 91 61 67 32 23
Llanord 94 92 87 94 71 74 38 51
Olocau 88 88 83 8b 65 74 45 36
Sinarcas 90 89 88 90 62 83 40 41
Toro 79 88 92 74 66 77 49 45
Tucjar 93 89 94 93 49 77 37 30
Valí d'Akcath-l 88 93 91 92 70 79 54 46
Valí d 'A lca lá -' 78 92 87 87 68 77 50 33
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1 TAGCTGAAAAAATGAGCTGGTGGTGGGCTGGAGCGATCGGCGCTGCAAAGgtaagtSaac
61 a t t t a t c g c a t a a t t g a a a c a a t c c t a g c t a t t t a t g t g t a a t c t g a c t g g t a a t t g g t c  
K K L E E D D A P P K H S S V A t l  
121 ga aaLagAAAAAGTTGGAAGAAGATGACGCACCGCCAAAGCATTCGAGCGTGGCGTTGAT 
V G V T G I  I G í I S I » A E I X í P 1 » A D T  
181 AGTTGGGGTAACCGGAATCATCGGCAACAGCCTGGCGGAGATCCTGCCACTGGCCGACAC 
P G G P W K V Y G V A R R T R P A W H E  
241  CCCCGGCGGTCCGTGGAAGGTATACGGCGTCGCCCGCCGCACCAGACCCCCCTGGCATGA 
D N P I N Y V Q C D I S D P D D S Q A K  
301 GGATAATCCGATCAATTACGTCCAGTGCGACATATCCGATCCAGATGACTCCCAAGCCAA 
L S  P L T D V T H V F Y V T W A N R S T  
361 GCTGTCACCTCTGACTGATGTTACCCACGTGTTCTACGTTACCTGGGCTAATCGATCCAC 
E Q E N C E A N S K M F R N V L D A V I  
421  CGAACAAGAAAACTGTGAAGCCAATAGCAAAATGTTCAGGAACGTGCTTGATGCAGTTAT 
P N C P N L K H I S L Q T G R K H Y M G  
4 81 CCCTAATTGCCCCAATTTGAAACACATCTCATTCCAGACTGGGAGGAAGCATTACATGGG 
P F E S Y G K I E S H D P P Y T E D L P  
541 ACCATTTGAATCGTACGGGAAAATAGAATCCCATGATCCACCCTACACTGAGGATTTGCC 
R L K Y M N F Y Y D L E D I M L K E V E  
601 CAGGTTGAAGTACATGAACTTTTACTATGATTTAGAGGATATTATGCTTAAGGAGGTGGA 
K K E G L T W S V H F P G N I F G F S P  
661  GAAGAAGGAGGGTT TGACTTGGTCGGTTCATCGCCCAGGGAATATATTCGGGTTTTCTCC 
Y S M N N L V G T L C V Y A A I C K H E  
721  ATATAGTATGATGAATTTGGTGGGTACCCTTTGTGTTTATGCAGCTATTTGCAAACACGA 
G K V L R F T G C K A A W D G Y S D C S  
781 GGGAAAGGTTTTGAGGTTTACTGGTTGTAAGGCTGCGTGGGATGGGTACTCGGATTGCTC 
D A D I i r A E H M 1 W A A V D P Y A K N  
841  t g a t g c g g a t t t g a t a g c g g a g c a t c a t a t t t g g g c t g c a g t g g a t c c t t a t g g a a a a a a  
E A F N V S N G D V F K W K H F W K V L  
901 TGAGGCCTTTAATGTGAGTAATGGAGATGTGTTTAAATGGAAGCATTTTTGGAAGGTGTT 
A E Q F G V E C G E Y E E G E D L K L Q  
961 GGCGGAGCAGTTTGGGGTAGAGTGTGGAGAGTATGAAGAAGGGGAGGATTTGAAATTGCA 
D L M K G K E P V W E E  I V R G N G L T  
1021 GGATTTAATGAAGGGGAAGGAGCCGGTTTGGGAGGAAATCGTGAGGGGGAATGGATTGAC 
P T K L K D V G I W W F G D V I L G N E  
1 081  ACCTACGAAACTGAAGGATGTTGGGATTTGGTGGT7TGGTGATGTTATACTTGGGAATGA 
C F L D S M N K S K E H G F L G F R N S  
1 14 1  GTGTTTCCTGGATAGTATGAACAAGAGCAAGGAGCATGGCTTTTTGGGATTTAGGAACTC 
K N A F I S W J D K A K A Y K T V P *
1 2 0 1  CAAC-AATGCGTTCATTTCrrGGATTGACAAGGCAAAAGCTTACAAGATTGTTCCTTGACA 
1 2 6 1  TGGTTTCTCTTCAGTTTGTCTTTGGTAATAATGTGTTAGTTCACCAACTGTGTGGTGT
Fig. 4. N uclco tidc scquence o l'lh e  D op 5 flr  gene and the deduced am ino-ac id  scquence. The in tro n  sequenee is in  low ercasc Icners. Scquence available 
from  the E M B L  dalabase under the acccssion num ber AJS5SI27.
analysis o f  total R N A  detected a single m R N A  band (as a 
representative exam ple sec Fig. 5(a) and (b)). These 
m RNA s were quantiñed using a radioanalytical iraaging 
system and results depicted in Fig. 5(c).
The profile o f  the seasonal expression o f  Dop5¡ir 
m RNA  in plants from Ayora showed increasing levéis 
from February to July, when the máximum was reached, 
and a further Progressive reduction in autum n until the 
mínimum levcls detected in the winter samples. A similar 
pattern  o f seasonal expression was found in plants from 
Toro, but in this population Dop5fir transcripts were 
expressed a t lower levcls than in Ayora plants. Sur- 
prisingly, howcvcr, this seasonal pattern was altered in 
leaves from T oro  collected in February, which presented 
the máximum expression o f the gene (F’ig. 5 (a». Thus, 
Dop5fir transcript leve! in these winter samples (16.6 mol 
o f  m R NA ) alm ost doubled that measured in the corre- 
sponding samples from Ayora, which presented the 
lowest seasonal level o f  this population (Fig. 5(c)).
This result could be explained considering that Toro 
is a population locatcd in the supram editerrancan belt 
where very low tem peratures are reached during the 
winter. It is widely accepted that plant protection is a 
m ajor function o f  natural producís, then is not sur- 
prising that under harmful climatic conditions somc 
genes would be specifically overexpressed in D. obscura 
as a response indispensable for the survival o f  the plants. 
This could be the case o f  the gene encoding progesterone 
5(i-reductase. Moreover, we have some evidence that 
DopSpr is not the only gene overexpressed in response to 
freezing. Interestingly, the leaves o f the plants from 
T oro are dark-red coloured in winter. This chromatic 
response refleets the stress provoked by low tempera- 
ture, which is an environm ental factor known to induce 
anthocyanin biosynthesis for plant protection (Holton 
and C om ish, 1995; Pictrini et al., 2002). We determined 
the anthocyanin content in D. obscura leaves and the 
results showed that these metabolites increased in wiater
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Fig. 5 Seasonal expres ión  o f  ihe DopSfir gene in lea ve* o f  D ig ita lis  obscura plants from  Ayora  and T o ro  populations collected in February <F). May 
(M ). July |J )a n d  October (O): (u) R N A  gcl b lo i analysis o f  DopS/lr transcript levcls; (b )c th id iu n i brotante sU im ng o f  R N A  used fo r  R N A  gcl b lots m 
(a); <c) quanUftcation o f  the D op5fir m R N A s using a radioanalyücal inuig ing systcm; (d ) quantilica tion  o f cardenolides. Valúes in (c) and Id) are 
mean o f three d illc rcn t analyses w ith  al Icast two replícales each.
within a range o í  22-36% in respcct o f the other data 
collection (data not shown).
Finally, we have evaluated the possiblc rclation be­
tween the rale of cardenolide biosynthesis and the ex­
pression levels o f the gene Dop5flr. Although the 
mentioned freczing-induced overexpression of Dop5(ir 
was unrclated to cardenolide production, our results 
basically showed parallel increases o f DopSfir transcripts 
and total cardenolides in the populations studied. Thus, 
a higher cardenolide yiclding o f Ayora plants is ac- 
companied by a higher constitutivc expression level o f 
DopSffr, and concomitant highest valúes of both pa- 
rameters are found in the samples collected in summer 
from both, Ayora and Toro populations (Fig. 5(c) and 
(d)).
We have isolated the gene encoding progesterone 53* 
rcducta.se, which represents the only knowledge on the 
molecular genetics of cardenolide biosynthesis. This
protein is a key cnzyme producing the ñrst stercospecific 
cardenolide precursor (5P-pregnane-3,20-dionc), which 
requires at least four further enzymatic transforma!ions 
to form tbe genins and then distinct cardiac glycosides, 
therefore more information conceming the enzymes and 
genes involved in the route is necessary. Currently we 
are studying the transcription level o f p5¡ir gene under 
diftcrenl stress conditions and how cardenolide pro­
duction is affected.
3. Experimental
3. ¡ . Cardenolide analysis
3.I.J. Study area and sampling
The study was conducted in 10 natural populations 
of Digitalis obscura L. (Scrophulariaccac) locatcd in the
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Valencian Community (Spain): Ayora, Camporrobles, 
Garbí, Llanorel, Olocau, Sinarcas, Toro, Tuéjar, Valí 
d*Alcalá-l and Valí d’Alcalá-2. Bioclimatically, these 
populations belong to the thermo- (Garbí, Llanorel, 
Olocau, Valí d’Alcalá), meso- (Ayora, Tuéjar) or su- 
pramediterranean belts (Camporrobles, Sinarcas, 
Toro).
The coüection of lea ves for cardenolide extraction 
took place in May, July, October 2000 and February 
2001. Ten plants were selected within each population 
and, for each date, the experimental samples consisted 
of 40 young leaves (the first four undemeath the 
apical bud, still growing leaves) or 40 mature leaves 
(the first four above the clearly senesccnt leaves) col- 
lected separately. The samples were processed imme- 
diately.
3.1.2. Cardenolide extraction
The leaves were surface cleaned with distílled water, 
dried at 50 °C for 72 h and pulverísed. Soüdphase ex- 
tractions of cardenolides were performed as described 
by Wiegrebe and Wichtl (1993) with some modifications. 
50 mg of the dried leaf powder were treated with 12 mi 
of 70% MeOH; 1 mi of fi-melhyldigoxin (0.5 mgml-1) 
was added as intemal standard. This solution was in­
cuba ted in a boiling water bath for 10 min and then 
rapidly cooled to room tempera ture. After addition of 2 
mi of a lead acétate solution (15%), mixing and precip- 
itation, 2 mi of monosodium phosphate (4%) were ad­
ded. Aftcr complete predpitation, the extract was 
dlluted with distiUed water up to 24 mi and centrifuged 
for 5 min at 3300 g. Supernatant was passed through a 
prc-trcated LiChrolut column (Merck) and, after 
washing with water, cardenolides were eluted with 2 mi 
MeOH. Finally, the extraets were filtered through 0.22 
pm acétate filters.
3.1.3. HPLC de terminal ions
Cardenolide separation and analysis were carried out 
by HPLC as described by Gavidia and Pérez-Bermúdez 
(1997). The extraets were analysed in a Merck-Hitachi 
LaChrom chromatograph (L-7400 UV detector, L-7100 
pumps, L-7200 auto-sampler) coupled to a 20 pl injector 
(Rheodyne 7725). Cardenolides were separated at 30 °C 
on a LiChroCART 250-4 column packed with LiChro- 
spher 100 RP-18 (5 pm) from Merck, and detected at 
230 nm under a flow rate of 1 mi min"1. A gradient 
elution of H2O (A) and CH3CN (B) was employed: 
initial =  20% B; 35 min—32% B; 45 min=40% B; 
55 min =  50% B; 59 min =  55% B; 65 min = 60% B; 
70 min =  20% B. The identities and amounts of the 
cardenolides were checked by co-chromatography with 
commercial available standards (Sigma). Four replicates 
were analysed per each experimental sample. Final data 
are presented as pg of cardenolides g-1 dry w t
3.1.4. Statistical analysis
All the variables analysed were first tested for data 
normality and variance homogeneity by using Shapiro- 
Wilk’s test or Leven’s test, respectively. To study the 
infiuence of samplmg date or the variability among 
plant populations, data on cardenolide accumulation 
were subjected to a one-way ANOVA. When appro- 
priate, means were compared with Tukey’s test. To es- 
tablish relationships between the different cardenolide 
types, we used Pearson’s correlation. All analyses were 
undertaken with the SPSS 9.0 program.
3.2. Experimente fo r DopSfir expression
3.2.1. Plant material
For this experiment, the samples were collected in 
February, May, July and October 2002 from the pop­
ulations of Ayora, and Toro, which presented the 
máximum and mínimum productivity of cardenolides, 
respectively. Three plants of similar biomass were se­
lected within each population and leaves from the in­
termedíate región of the shoots were collected for each 
individual plant. Two sepárate groups of leaves were 
used; one was collected and processed as previously 
described for cardenolide determinations, the other 
group was used for molecular studies. In this latter ex­
periment, and in order to avoid extemal contaminador», 
the leaves were thoroughly rinsed with distilled water 
and surface cleaned before collection. Then, the leaves 
were cut and immediately immersed in liquid nitrogen to 
prevent physiological alterations due to wounding. 
These samples were stored at —80 °C un til use.
3.2.2. DNA extraction and PCR amplification o f DopSfir
Total genomic DNA from D. obscura leaves was
isolated according to Dellaporta et al. (1983), with an 
additional polyethylene glycol predpitation step as 
proposed by Del Castillo Agudo et al. (1995) for this 
spedes. The primers for amplification by the polymerase 
chain reaction (PCR) of DopSfir sequence were 5'- 
TAGCTGAAAAAATGAGCTGG and 5'ACACCAC 
ACAGTTGGTGAAC, which were designed according 
to the Dpp Sfir sequence. Genomic DNA (100 ng) was 
used as a témplate for 25 eyeles of: 95 QC/30 s, 52 °C/45 
s, 74 °C/90 s. The reaction mixture contained 100 pM of 
each primer, 100 M dNTPs, 0-5 units of Taq DNA 
polymerase and reaction buflfer according to Ecogen. 
PCR reactions were carried out in a Perkin-Elmer 9600 
thermocycler. The amplification product with the ex- 
pected length, ca. 1400 bp, was ligated into a pGEM-T 
Easy vector (Promega). The resultant clone was named 
DopSfir.
3.2.3. DNA sequencing
Sequencing was carried out by the dideoxy-chain 
termination method with a DNA sequencing kit (PE
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Biosystems) on an ABI 310 Genetic Analyser (Perkin- 
Elmer). Complete nucleotide sequcoccs were determiaed 
for both strands and analysed by the DNASTAR pro- 
gram package (Lascrgene) and CLUSTALW.
3.2.4. RNA isolaüon and Northern blot analysis
Total RNA was extractcd from D. obscura leaves 
according to the procedurc described by Salzman et al. 
(1999) with somc modifications: (a) the extraction buffer 
used was that reponed by Stcimle et a l  (1994) supplc- 
mented with 100 mg of soluble polyvinylpyrrolidonc 
(PVP 40) and 200 pl 2-mercaptocthanol per 10 mi buffer; 
(b) prior to the first predpitation with absolute EtOH 
and 5 M NaCl, proposed in the original protocol, two 
purification steps were introduced: precipitation with 0.7 
mi NaOAc (3 M pH 5.2), and the treatment of the su­
pera atant with insolublc polyvinylpolypyrrolidone (100 
mg PVPP/g tissuc); each purification step was followed 
by incubation on ice (30 min) and ccntrifugation 
(13,000 g, 10 min at 4 6C).
Northern analyses, using 20 pg of total RNA, were 
carried out as previously described by Gavidia ct a t  
(2002). A quantitative measure of transcript abundance 
was obtained using a radioanalytical imagíng system 
(Instantlmagcr 2024, Packard Instruments). Radioac- 
tivity was directly measured on the gel blots, and the 
attomoles of mRNA were determined as proposed by 
Gómcz-Gómez and Carrasco (1998). Autor,idiography 
of the membranes was obtained on XOMAT AR films 
(Kodak) using an intensifying screen at ->80 ®C.
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CONCLUSIONES
Los resultados de la investigación que constituye la presente Tesis 
Doctoral han permitido establecer las siguientes conclusiones:
Primera
Digitalis obscura es una especie mediterránea que crece bajo distintas 
condiciones climáticas y en suelos con diferentes propiedades fisico­
químicas y grados de evolución. Dentro del área de estudio el tipo de suelo 
no es un factor determinante para el desarrollo de esta especie, mientras 
que las condiciones bioclimáticas sí afectan a su crecimiento. Las 
características térmicas del piso Supramediterráneo son desfavorables para 
el desarrollo, y las plantas que crecen en este piso presentan la menor 
biomasa.
Segunda
Desde el punto de vista nutricional, los suelos estudiados presentan 
gran variabilidad en el contenido total y biodisponible de nutrientes, 
destacando las características diferenciales del Acrisol háplico de Sinarcas 
pobre en Ca y con elevados contenidos de K, Fe y Mn. La variación en la 
biodisponibilidad de nutrientes no influye significativamente sobre la biomasa 
de las plantas de Digitalis obscura.
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Tercera
El contenido de nutrientes en Digitalis obscura está dentro de los 
rangos establecidos para otras especies típicas del matorral mediterráneo, 
no observándose valores indicativos de posibles deficiencias nutricionales en 
ninguna de las poblaciones estudiadas. Los resultados del presente trabajo 
constituyen la primera aportación acerca del contenido de nutrientes en esta 
especie.
Cuarta
El estado nutricional de Digitalis obscura no varía con las condiciones 
bioclimáticas pero es afectado por parámetros edáficos tales como el pH, el 
contenido en carbonates y la capacidad de intercambio catiónico. Entre las 
posibles correlaciones de elementos minerales en suelo y planta, sólo los 
contenidos de Mg y Mn biodisponibles están significativamente asociados 
con sus respectivas concentraciones en las hojas.
Quinta
El estudio de la variación estacional de los elementos minerales en 
hojas de Digitalis obscura muestra que la variabilidad es particularmente 
significativa en hojas jóvenes. En este tipo de hojas, y en primavera, se 
alcanzan las mayores concentraciones de N, P y K, y los niveles más bajos 
de Ca y Fe, de todo el año. Además, las correlaciones positivas obtenidas 
entre los contenidos de N, P y K en hojas jóvenes demuestran el elevado 
grado de asociación fisiológica entre estos macronutrientes.
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Sexta
Los cardenólidos mayoritarios en Digitalis obscura son compuestos de 
la serie A, siendo los de la serie B minoritarios. La productividad de las 
plantas muestra una gran variabilidad interpoblacional con un valor máximo 
de 2.257 pg de cardenólidos (g p. s.)‘1 en Ayora y mínimo de 704 pg de 
cardenólidos (g p. s.)‘1 en El Toro. Las plantas que crecen en el piso 
Supramediterráneo tienen una capacidad productiva menor que las 
procedentes de los pisos Meso- y Termomediterráneo, lo cual pone de 
manifiesto la relación existente entre las condiciones bioclimáticas, la 
biosíntesis de estos productos naturales y la producción de biomasa vegetal 
antes mencionada.
Séptima
La acumulación de cardenólidos no es afectada por el tipo de suelo, 
sus propiedades físico-químicas o sus contenidos en elementos minerales. 
Sólo excepcionalmente la concentración edáfica de Mg está positivamente 
asociada a la producción de dichos compuestos.
Octava
Los niveles de N, P, K, Mn y Zn en la planta están significativa e 
inversamente relacionados con la concentración de cardenólidos, mientras 
que las concentraciones foliares de Ca, Mg y Fe se correlacionan 
positivamente con la acumulación de estos metabolitos.
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Novena
La variación estacional del contenido de glucósidos cardiotónicos 
presenta un patrón similar en hojas jóvenes y adultas. En ambos tipos de 
hojas los valores más bajos corresponden al mes de mayo, siendo la 
concentración de cardenólidos mucho menor en hoja joven debido a su 
menor grado de diferenciación. Posteriormente se observa una rápida 
acumulación de metabolitos registrándose los valores más elevados en julio. 
Pasado el verano hay una fase descendente durante el otoño, seguida de un 
periodo estacionario en el invierno.
La variabilidad estacional en la producción de cardenólidos de 
Digitalis obscura es consecuencia de la interacción de factores intrínsecos a 
la planta (estado de desarrollo de las hojas y disponibilidad de fotoasimilados 
para el metabolismo secundario) y de factores externos abióticos 
(temperatura y fotoperíodo).
Décima
Los cardenólidos de Digitalis obscura también varían cualitativamente 
a lo largo del año, siendo el porcentaje de glucósidos primarios mayor en 
primavera y verano que en otoño e invierno. Este hecho sugiere que la 
glucosilación o deglucosilación de cardenólidos puede determinar la 
acumulación foliar de estos metabolitos (en primavera y verano) o su 
degradación y transporte a otros órganos de la planta (en otoño e invierno).
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Undécima
Se ha estudiado el nivel de expresión estacional del gen Dop5/3r que 
codifica la progesterona 5p-reductasa, enzima que produce la configuración 
5p  en los precursores de cardenólidos. El perfil estacional obtenido muestra 
un incremento del nivel de expresión desde febrero a julio y una posterior 
reducción en otoño. Esta variación coincide básicamente con la obtenida en 
la producción de cardenólidos. Se ha observado que las condiciones 
climáticas severas inducen la sobre-expresión del gen Dop5pr, 
probablemente como una respuesta de defensa de Digitalis obscura.
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